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REMARKS 

Claims 24 and 31-54 were pending in the subject application. Applicants have 
herein amended claim 33. Claims 24 and 31-54 are pending in the subject application 

Claim 33 was amended to specify that the 1 to 3 substituents on the R 4 group 
"are each ... independently selected from the group consisting of SR°. SOR°, SO?R , 
NHSOjR 6 and NR 6 S(>2R 6 ." Support for amended claim 33 can be found in fee original 
specification at. for example, original claim ! 

No new matter is added by this amendment and Applicants respectfully request 
its entry. 

I. Rejection of Claims 24 and 31-54 under 35 U.S.C. $ U2. First Paragraph 

The Examiner rejected claims 31-54 under 35 U.S.C. § 1 .12. first paragraph as 
allegedly being nonetiabling for the reasons set forth in the office action, in particular, 
fee Examiner concedes feat the specification is "'enabling for making pharmaceulicaliy 
acceptable salts," However the Examiner asserts that it "does not reasonably provide 
enablement for making solvate or hydrate. The specification does not enable any person 
skilled in the art to which it pertain, or wife which it is most closely associated, to make 
and use the invention commensurate in scope with these claims." The Examiner 
attempts to explain his reasoning based on the (actors set forth in In re Wands, 858 F.2d 
731, 737 (Fed. Cir. 1988). Central to the Examiner's argument is his interpretation of 
the terms '"'solvate ' and itydrate." in particular, the Examiner equates the terms 
"solvate" and "hydrate" wife ' an interstitial solid solution" according to page 358 of 
West (Solid State Chemistry). According to the Examiner, "|t|he solvent molecule is a 
species introduced into the crystal and no part of the organic host molecule is left out or 
rep!: ced 8a ed on this narrow interpretation of the terms "'solvate" and "hydrate," the 
Examiner states that "in the absence of experimentation one cannot predict if a particular 
solvent will solvate any predictable crystal. One cannot predict the stoichiometry of the 
formed solvate, i .e., if one, two, or a half a molecule of sol vent added per molecule of 
host" The Examiner also refers to an article by Vippagunta et oL Advance Drug 
Delivery Reviews 48: 3-26, 2001 to support his position that "formation of hydrates is 
unpredictable/' The Examiner contends that "under experimentation will be required to 
make Applicants' invention. Applicants traverse this rejection. 

As a preliminary matter, the Examiners analysis did not consider all the 
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evidence related to each of the Wands' factors, which require that any conclusion of 
nonenablement must be based on the evidence as a whole. For example, the Examiner 
alleged thai Applicants' disclosure is not sufficient to enable one of ordinary skill in fee 
art to practice "solvate'* and 'hydrate"' because the -numerous examples presented all 
failed to produce a solvate."' Applicants disagree. Compliance with the enablement 
requirement of 35 LtS.C. 1 12, first paragraph, does not turn on whether an example is 
disclosed; "representative [samples' are not required by the statute and are not an end in 
themselves.'" In re Robim, 429 P. 2d 452, 457 (CCPA 1 970). Furthermore, the law does 
not require that every thing necessary to practice the invention be disclosed. In fact the 
Federal Circuit has advised that what is well known is best omitted, hi re Budmei\ 929 
F 2d 660, 66 5 (Fed. Cir. 1 991). All that is necessary is that one skilled in the art be able 
to practice the claimed invention, given the level of know ledge and skill in the art. 

Secondly, the Examiner has not given the terms "solvate'" and "hydrate 5 ' their 
ordinary meanings. Instead, the Examiner has improperly adopted a narrow definition 
which takes away from the ordinary and customary meanings of these terms. (See 
Merck £ Ca v. Teva Pharmaceuticals USA. Inc., 395 F.3d 1364, 1370 < Fed. Cir. 2005 
("Generally claim terms should be construed consistently with their ordinary and 
customary meanings, as determined by those skilled in the art."). 

1. Ordinary meaning of the terms "solvate" and "hydrate* 

Dictionary definitions of the terms "solvate" and "hydrate'' are not limited to the 
Examiner's narrow definition of these terms. For example, Stedman's Medical 
Dicttonar; deft; le term solvate as |aj nonaqu u Wniiiup ■ djsjiejrsojd ■ 
which there is a noncovalent or easily reversible combination between solvent and 
solute, or dispersion means and disperse phase; when water is the solvent or dispersion 
medium, it is called a hydrate." STEDMAN'S MEDICAL DICTIONARY 1634 
(Williams & Wilkins 26* Ed 199S)(aitached hereto as Exhibit A-.!) (emphasis added). 
Likewise. Stedman's Medical Dictionary defines the term "hydrate" as ""[a] aqueous 
solvate (in older terminology, a hydroxide): a compound crystallizing with one or more 
molecules of water; e.g., CuS04'5I bO. Id. at 814 (attached hereto as Exhibit A-2). 

The Merriam- Webster Online Dictionary similarly defines solvate as "an 
aggregate that consists of a solute ion or molecule with one or more solvent molec ules; 
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also: a substance (as a hydrate) containing such ions." 1 The Memam-Webster Online 
Dictionary defines hydrate as '"a compound formed by the union of water with some 
oilier substance/ 5 * 

As further explained in an college freshman chemistry textbook' in a section 
relating to dissolution of solids 

Water molecules, being di poles, are attracted to the surface ions, with the 
positive ends to the anions and their negative ends to cations. This attractive 
force between an ion and a polar molecule is called an ion-dipole attraction. It 
permits the ions to leave the surface of the lattice and become part of the liquid 

i ! I , I 1 1 il t t 1 I t I C I II 

attached w ater molecules. In this condition, the ions are said to by hydrated, and 
fee process of their formation is called hydration. (These terms are used when 
the solvent is water. The more general terms •><, wu , 1 and solvation are used to 
indicate the attachment of molecules of any solvent.) 

Chemistry, Claude H. Yoder etui. Harcourt Brace Jovanovich. Inc., New York (1975), 
page 255 (attached hereto as Exhibit B)(emphasis in original). 

Still further, in Chaptet 2 -oi Solvents < id Solvent Effects in Org wk ( hemtstry. 
Christian Reichert, 3 rd Edition, Wiley-VCH (2003) pages 5-56, 3 (attached hereto as 
Exhibit C ). the author stales that i'ljhe term solvation refers to the surrounding of each 
dissolved molecule or ion by a shell of more or less tightly bound solvent molecules. 
This solvent shell is the result of mtermolecuiar forces between solute and solvent For 
aqueous solutions the term used is hydration" 1 (emphasis added). See Exhibit C, page 30 
under section heading entitled "2.3 Solvation." The entire text of Exhibit B is replete 
with the use of the term salvation (and hydration) to describe solui •• d ssolved inorganic 
solvents (and water). 

In summary, and contrary to the Examiner's position, the terms "solvate" and 
"'hydrate'" as recited in tlie claims of the subject application should not be limited to an 
interstitial solid solution having a stoichiometric amount of solvent. Rather, "solvate" 
and "hydrate" should be given their ordinary and customary meanings to encompass any 
combination or union of a compound of the invention and a solv ent including dissol ved 
compounds (e.g.. salt solutions), stoichiometric solids and mixtures, and 



1 Metiiaai-Webaer Online Dictionary, last visaed on March 14. 2007 and available at 
htrp://209 i 6 i ..7 >.50A]ktiovii»y/soh'8te 

? Menwni-\W1 u 1 ontmo !>k i« Um imL t n M mb 1 1 2o< ~ ,md y jUMcji 
httj 5 - - hydrate 

3 A copy of Exhibit B is available alWtp://wvw3.inte^k^.v«tw.axo/cgi- 
birt/booktexl [()• ^ cWy'BOOKPijFSn \RT last oisned on March 20, 2007. 
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nonsteichiometnc solids and mixtures. Such ordinary and customary meaning of these 
terms is entirely consistent with Applicants' use of the terms in the claims and written 
description of the subject application. 

"Absent an express intent to impart a novel meaning, claim terms take on their 
ordinary meaning" Ekckt Instrument S..A. v. OMR So. Intt inc., 214 F.3d 1302, 1307 
(Fed. Cir 2000} 

As explained above, the ordinary meanings of the terms '•solvate"' and "hydrate" 
encompass any combination of a compound of {he invention and a solvent including 
dissolved compounds (e.g., salt solutions), stoichiometric solids and mixtures, and 
< and mi xtures \t I q )H can is did not an express 

intent to impart a novel meaning, the Examiner must give these terms their ordinary and 
custonian- meaning as set forth above and as required by Ekckt Instrument S.A. 

2. Solvates and hydrates can be prepared without undue 
experimentation 

Based on the proper definition of '"solvate" and '"hydrate" discussed above. 
Applicants submit that one skilled in the art of synthetic organic chemistry could readily 
prepare "hydrates'* and "solvates" of compounds of the invention without undue 
experimentation. In fact, based on the teachings of the Yoder reference, dissolution of a 
salt necessarily requires the formation of sofvated ions (or when water is the solvent, 
hyd rated ions). As explained in the Yoder reference, one step in the dissolution process 
(contacting the sol vent with the solid lattice) requires '*an attractive force between an ion 
and a polar molecule (which] is called an iomdipoie attraction. It permits the ions to 
leave the surface of the lattice and become part of the liquid phase." See Exhibit B, page 
255. A more rigorous mathematical approach is presented in the Reicherl reference, 
which describes the solvation energy required to solvate a solute in terms of the Gibbs 
energy and the coordination of solvent molecules to die solute. See Exhibit B. page 30, 
last paragraph through page 38. last paragraph before the section beading entitled "2.4 
Selective Solvation." 

Thus, a solvate or hydrate will form on the surface of a solid crystalline lattice in 
contact whe ce is in contact with an app p.t tesoiven Therefore, there is 

no requirement that the solid crystalline lattice exist as an "interstiai solid solution" as 
asserted by die Examiner. The Yoder reference also states that die same basic principles 
lis 1 i \ to the dissolution of a molecular soli < 1 
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compound), albeit with some modifications due to 1he nature of the attractive forces (see 
Exhibit B. page 255). 

Therefore, one of skill in the art would understand that solvates and hydrates of 
the compounds of the invention could be made by contacting a compound of the 
invention with an appropriate solvent including water. And because the formation of a 
solvate Cor hydrate) is predictable when a compound of the invention is contacted with a 
solvent (or water), the amount of guidance or direction needed to teach one of skill in the 
art how to make or use the solvates and hydrates is minimal Thus, Applicants have 
provided a full) eriablin lisclosure as required by In re Wands. 

hi view of the above. Applicants submit that the non-enablenient rejection of 
claims 24 and 31-54 has been overcome, and request that the rejection of claims 24 and 
3 1-54 under U.S.C. §112. first paragraph be withdrawn. 

». Paint Rejections under 35 U.S.C. SI 03(a) 

Claims 3.1 -54 have been rejected under 35 U.S.C. §.1 03(a) as allegedly being 
obvious over U.S. Patent No. 200301 7 1 359 ("DahmaraT}; and claims 3 1-54 have been 
rejected under 35 U.S.C. § 103(a) as allegedly being obvious over Nagarathnam 4 for the 
reasons set forth in the Office Action. Applicants respectfully traverse these rejections 
for the reasons set forth below, 

A. Claims 3 1-54 are, not Obvious oyer Oahmann 

The Examiner states that "'Dahmann et ai. teaches several 2,4-subsituted 
diaminopyrimidine compounds for treating abnormal cell growth, which includes the 
instant compounds. See pages 1 -5, formula 1 and note the definition of various variable 
groups R a , R fc , R c , R tl and R e , compounds taught by Dahmann et ai. include instant 
compounds. Especially note with the given definition ofR\ R h , R\ R li and R s , 
compounds taught by Dahmann et al. include instant compounds. See entire document 
for further details. See pages 23-86 for large number of examples of compounds made.*' 
fhe Examine) tls tates: "N U) are re cted as method of use as Dahmann 

et ai. include breast cancer." (Applicants note that method claims 25-30 were earlier 
cancelled. We believe that the Examiner is referring to pending method claims 31 and 



! ') he Office Action referred to claims J -23, 5 1 and 32. However, Applicants note that claims f -25 were 
.'wn-Jk-iJ EIhis we Ix-hcMMliat P\atmt3« - ^ ~~ » ,nI 

presented in the request. to eortiirmed trvitiunat.toi iik m IX ;r ? 2i!»(< 
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32.) 

Hie Examiner concedes thai "Dahmann et al, dififers from the instant claims so 
vu rnplif ing onK limited number of compounds in the genus claims in page 1 of 
compound of formula 1 However, Dahmann et al leaches me equivalency of those 
compounds < ith the eneru recited in pages 1-5." 

Nevertheless, the Examiner slates thai "Dahmann et al. teaches equivalency of the 
exemplified compounds with those generically claimed. Thus it would have been 
obvious to one of skill in the art at the time of the invention was made to make 
compounds using the teachings of Dahmann et al. and expect resulting compounds to 
possess !fk use i i t I 1 tin view ot the equn i v ich outlined above 

The Examiner also states "j'tjhat one trained in the art can snake whatever 
compounds are embraced in tht en u 1 , » urn >fthe exemplified compounds 
and expect the resultant compound to have the use taught therein." The Examiner 
asserts that "one trained in the art would make compounds of the instant genus based on. 
the exemplified compounds (about 265 compounds out of mil lions of compounds of the 
instant genus," 

Applicants traverse this rejection. 

Amended claim 33 of the subject application is directed to a compound of 
formula 1 wherein "R" 1 is selected from the group consisting of Co-do and and 5-10 
memhered heteroary l, and wherein said and and heteroaiyl moieties of the foregoing 
groups are each substituted by 1 to 3 substttuems independently selected from the group 
consisting of SR f ', SOR 6 , S0 2 R f ', NHSOjR 6 and NR 6 SO?R 6 " Contraiy to the 
Examiner's position, Dahmann does not provide any teaching or suggestion to pick and 
choose amongst his many embodiments and arrive at the claimed compounds. 

First, one of skill in the art would need to consider Dahmann 's long list of 
possible R h groups (see page 2, paragraph (0029 1 through page 4, paragraph (0064]); 
select an aralkyl group (see page 2. paragraph (0029]:. choose an embodiment where the 
aralkyl. contains an R" ; and R' group on adjacent carbon atoms; and choose an 
embodiment where the R' and R 3 join to form a cyclic group (see page 4, paragraph 54 
through paragraph [0064]),. 

Even if one of skill in the art would find a teacl i estion in Dahmann to 

make a ami n \ r I in n ing a fused bicyetic aryl R b group, the skilled artisan 
would still need to find a motivation or suggestion to select a CVCjo aryi or 5-3 0 
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membered heteroaryi from Dahmann's long list of possible R d groups which include 
cyclic amines formed by the joinder of R c and R* (see page 4, paragraph [0065 ) through 
page 6): (C r C i6.)alky1 substituted by groups defined in subsection (a) through (n) see 
page 7, paragraph [Oi 10] through page 8. paragraph 10124)); and miscellaneous 
substituted alky Is, cycbaikyis. heteroeydoalkyls. aryls, and heteroaryis (see page 8, 
paragraph [0125] through page 9, paragraph [0.147]), 

Lastly , even if one of skill in the art would somehow find a motivation or 
suggestion in Dahmann to make or use a compound where R 1 ' is a fused tricyclic an 1 or 
heteroaryi and R' J is a CVCjo aryl or 5-10 membered heteroaryi the skilled artisan 
would then need to find a teaching or suggestion to substitute the Cc~C w and or 5-10 
membered heteroaiyl of the R* group with '1 to 3 substituents independently selected 
from the group consisting of SR 6 , SOR 6 , SOjR 6 , NHSO2R 6 and m*$0*R*" as reci ted 
in claim 33 of the subject application. 

Applicants estimate that Dahmann discloses over 1000 compounds; none of the 
disclosed compounds contains and IV s group which is a "Cs-Cio aryl or 5-10 membered 
heteroaiyl substituted by 1 to 3 substituents independently selected from the group 
consisting of SR. 6 , SOR ( \ S0 2 .R* NHS0 2 R 6 and NR 6 S0 2 R e,! as recited in amended 
claim 33 of the subject application. Moreover, nowhere does Dahmann teach or 
suggest making or using any compound where the R d group contains a CVdo aryl or 5- 
10 membered heteroaryi substituted by I to 3 substituents independently selected from 
the group consisting of SR (> , SOR 6 , S0 2 R ( \ NHSCfcR* and NR'SO.R" as recited in 
amended claim 33 of the subject application. 

In summary. Dahmann provide no teach i i i ttion pick and 

choose amongst the myriad of his described embodiments, or modify any of his 
disclosed compounds, and thereby arrive at a compound where R l is fused bi cyclic aryl 
or heteroaryi, and said R 4 is substituted with "'I to 3 substituents independently selected 
from the group consisting of SR 6 , SOR 6 , SO2R 6 , NHSO3R 6 and NR (> S0 2 R 6 " as recited 
in amended claim 33 of the subject application. 

• [A) proper analysis under § 103 requires, inter aha consideration of two factors: 
(1) whether the prior art would have suggested to those of ordinary skill in the art that 
they should make the claimed composition or device, or carry out the claimed process: 
and (2) whether the prior art would als tve re\ d I u in so making or carrying out 
those of ordii u would have a reasonable expectation of success In re Vaeck, 
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947 F.2d 488, 493 (Fed. Cir, 1991). 

As explained above. Dahmann provides no teaching, suggestion or motivation 
to make or use a pyrrolidine compound where R 1 is bicyclic ml or heteroary I and said 
bicyclic aryl or heteroaryi is substituted with "1 to 3 substituents independently selected 
from the group consisting of SR 6 , SOR 6 , SOzR 6 , NHSO2R 6 and NR 6 S0 2 R s '* as recited 
in amended claim 33 of the subject application. Thus, independent claim 33, compound 
claims 34-54, and method claims 3 1-32 that depend directly or indirectly upon claim 33 
are not obvious over Dahmann. 

In view of the above, Applicants respectfully submit that claims 31-54 are not 
obvious over Dahmann, and request that the rejection of claims 3 1-54 under 35 U.S.C § 
103(a) be withdrawn. 

C« OaHns 3 1-54 are not Obvious, oyer Nagarariinam 

The Examiner states that x * t) eta teaches several 2,4-substituled 
iaimi midine compounds i 1 ! md can ich include 

instant compounds. See pages 3-10, formula 1 and note the definition of various 
variable groups C, R' ! and R'\ Especially note with the given definition of C, R 2 and R 3 S 
compounds taught by Nagarathnam et al. include instant compounds. See entire 
document foi details Set I bie 1 5 for large number of 

examples of compounds made: ' The Examiner further states that injote claims 25-30 
are rejected as method of use of Nagarathnam et al. include breast cancer." (Applicants 
note that method claims 25-30 were earlier cancelled. We believe thai the Examiner is 
referring to pending method claims 31 and 32.) 

The Examiner concedes that "'Nagarathnam et al. differs from the instant claims 
in not exemplifying only all the compounds of the genus claimed in pages 3-10 for 
compound of formula 1/' Nevertheless, the Examiner asserts that "Nagarathnam et al 
teaches the equivalency of those compounds taught in pages 27-87 with those 
generic-ally recited in pages 3-10." The Examiner contends that " it would have been 
obvious to one of hav ing ordinary skill in the art at the time the invention was made to 
make compounds using the teachings of Nagarathnam et al. and expect resulting 
compounds to possess the uses taught by the art in view of the equivalency teaching 
outlined above.'' Applicants traverse this rejection. 

Nagarathnam relates to a broad genus of pyrimidine derivatives where the C2 
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and C4 positions of the pyrinidine core are each bonded to a group X, as defined in 
Nagarathnam. hi his broadest embodiment, Nagaralhiiam describes compounds where 
X can be NR 51 ^, NR 4 R 5 or R 4 . As described by Nagarathnam, R ! is "an optionally 
substituted fused bicyclic unsaturated ring'' (see page 3, lines .1 2-13); "R" is hydrogen or 
alky!" (see page 4. One 30): R" is ''an optionally substituted Y (]1 )-mono-ring group or 
optionally substituted Y <nr mu)ti-ring group" where % is 0 or I and -Y- is selected from 
the group consisting of straight- or branehed-chain C r (\ alkylenyl aid C(CN)-"' (see 
page 4, lines i -2 and 5-6); and R 5 is "an optionally substituted Y( nr mono-ring group or 
optionally substituted Y, tir muiti-ring group'" where "n is 0 or 1 and Y- is selected from 
the group consisting of straight- or hranched-chatn C-y-Cs alkylenyl. -N=€H-, and 
-N s =CHCH3 J " (see page 4, lines 16-17 and 20-22). With regard to R 4 , Nagarathnam 
states that when this group is a "ting" it can he substituted with ''-halo, ~COOR\ -COR*. 
-C N. -OR 8 , -CO, -N02, -NR S R'\ -CONR.V, -NR'COR 9 , -NR'COOR 9 , -NR 8 S0 2 R 9 , 
-S0 2 Rl -S0 2 NR s R 9 , -NR s CONR y , -SR S S -NR s S0 2 , -OR*NR*R 9 . -N=CR 8 , and 
optionally substituted alkyf (see page 4, hues 7-12), 

Nagarathnam exemplifies 375 compounds; however, none of the exemplified 
compounds contain a substituent selected from the group consisting of SR C> , SOR 6 , 
SO*R* NHSO2R* and NR fi S0 2 R 6 ' 5 as recited in amended claim 33 of the subject 
application. Furthermore, nowhere does Nagarthnam provide any teaching or 
suggestion to modify any of his disclosed compounds and thereby arrive at a compound 
where the substituent attached to the C4 carbon atom contains an aryi or heteroaryi 
substituted by a SR 6 , SOR 6 , SOzR 6 , NHSOs'R 6 and NR^SCbR* as recited in amended 
claim 33 of the subset pplic Eton flteretbre. even Na < thnai tclude ! v 
substiluents in his definition of possible subststueuts on his R4 group, he provides no 
motivation to pick and choose these specific groups from among the other described 
groups. 

Where an obviousness rejection is made over a prior art class encompassing, but 
not disclosing, a claimed species or subgenus, the prior art must provide a suggestion to 
otie of ordinary skill in the art to select the specific variables from the disclosed generic 
formula and thereby arrive at the claimed compound or subgenus. In re Baird, 16 F.3d 
380, 382-383 (Fed. Or. 1994). Characterization of a claimed compound as "similar" or 
'"slightly different" ; from compounds taught in the prior art does not establish the 
obviousness of the use of compound mat is new and nonob\ sous, since the mere 
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chemical possibility* that a prior art compound could be modified or does support a 
finding of obviousness unless the prior art suggested the desirability of such a 
modification In re OchiaL 71 F.3d 1565, 1570 (Fed. Cir. 1995). 

Because Nagaraihnam provides no teaching or suggestion {hat it is desirable to 
make or use - Y(n)-mono-ring or ~Y(n)-.mulu-ring groups substituted with either a SR", 
SOR 6 , S0 2 R", NHSO2R 6 and NR'SOdl'', one of skill in the art would find no 
suggestion 10 select these specific variables from the genus described by Nagaraihnam 
and thereby arrive at the claimed invention. Thus, independent claim 33 ? compound 
claims 34-54, and method claims 31-32 thai depend directly or indirectly upon claim 33 
are not obvious over Nagarthnam 

In view of the above. Applicants respectfully submit that claims 3 1 -54 are not 
obvious over Nagaraihnam, and request thai the rejection of claims 31-54 under 35 
U.S.C§ 103(a) be withdrawn. 

Ill, Double Patenting Rejections 

The Examiner rejected claims 24 and 31-54 under the judicially created doctrine 
of double patenting as allegedly being unpatentable over claims 22-25 of copending 
Application No. i 1/1 27.676. The Examiner also rejected claims 24 and 31-54 under the 
judicially created doctrine of double patenting as allegedly being unpatentable over 
claim 1-27 in copending Application No. 11/1243)06. 

Applicants will address the non-statutory double-patenting issues raised by the 
Examiner once the claims of the subject application are otherwise in condition for 
allowance. 

CONCLUSION' 

No additional fee is believed due in connection with this amendment. 
However, if any fee is due, the Examiner is authorized to charge the fee to 
Applicants' Deposit Account No. 16-1445. 
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if the Examiner wishes to comment or discuss any aspect of this application or 
response. Applicants' undersigned attorney invites the Examiner to call him at the 
telephone number provided below. 

Respec tf ul iy s ubmi tted. 



Dale: March 21.,.2007 /David L. Kenfoner/ 

David L, Kershner 
Attorney for Applicants 
Reg. No. 53,112 

Pfizer Inc. 

Patent Department. 5th Floor 
150 East 42nd Street 
New York NY 10017-5755 
(212) 733-0538 
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all components Iwvc the same physical state, the one present in I he greatest amount 
is called the solvent and the other components are called solutes. Thus, in a solution 
formed from 20 ml of ethyl alcohol and 500 ml of water, water is the solvent . ethyl 
alcohol the .solute. 

Liquid solutions are by far the most common, and we shall deal primarily 
with these in the discussions that follow. 



THE SOLUTION PROCESS 

The difference between solutions and heterogeneous mixtures, lies in the size of the 
dispersed particles, hi a solution these are individual molecules or ions, whereas in 
heterogeneous mixtures they are larger aggregates. In order to gain some under- 
standing of how tins molecular dispersion comes about we must examine the 
solution process on the molecular level. 

As an illustration, let us constdet the dissolution of a molecular solid (for 
example, sugar) in a molecular liquid (say, water). Some crystals of the solute are 
added to the liquid solvent. Three kinds of intermoleculat forces must be taken into 
account in this system. First, there are the intermoleeular forces between solute 
molecules the forces holding the molecules together in the crystal lattice. Second, 
there are attractive forces between the molecules of the liquid solvent. Both these 
types of forces tend to prevent the formation of a solution. The forces within the 
crystal must be overcome if solute molecules ate to leave the crystal and inter- 
mingle with the solvent molecules, and the force;; between solvent molecules must 
be overcome if solute molecules are to disperse among the solvent molecules. The 
third type offeree at work in the system is the iniet molecular attraction thai exists 
between solute and solvent molecules. This third force tends to counteract the 
other two and bring about dissolution, and the stronger the attractions between 
solute and solvent molecules, the more easily the solute-solute and solvent-solvent 
forces can he overcome It is the overall balance ot these three types of forces that 
determines how readily the solute will dissolve in a particular solvent. If conditions 
ate favorable for dissolution, the surface molecules leave the crystal, enter the 
liquid phase, and by diffusion become dispersed among the solvent, molecules. The 
next layer of solute molecules becomes the surface layer, and these in (urn enter 
the liquid phase, arid so on, as the crystal dissolves. 

The rate at which this dissolution occurs (the number of solute molecules 
entering the liquid phase per unit time) is dependent on the nature of the solute 
.and the solvent, tor the strengths of the various inter molecular forces arc deter- 
mined, of course, by the particular structure and composition of the substances 
involved. For a given solute-solvent system, the rate of solution varies with 
temperature and the surface area of the solute as follows: 

Temperature. An increase in temperature has several effects on the system, 
alt of which combine to increase the rate of solution. Higher temperatures increase 
the kinetic energy of the solute molecules, thus lessening the effectiveness of the 
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lattice forces. The k'meik energy of tl*e solvent molecules is 3iso increases] 3! hteh:-'- 
tcirtperatsjtcs. so that solvent-solvent sttractiom ate mote easily overcome. Finally, 
higher tcmperaf ures increase the rase with which soitrte mcskciilvs diffuse through 
the solvent. 

Surface «rrcv/. Since dissolution of a soiici S i»lutc is a surface phenomenon, th • 
greater the surface area of the solid (he higher will be hs rate of solution. A 
pulverised solid will dissolve /i»/rr than the same substance in one large hung, 
because pulverisation increases the surface area Stirring or agitation of the mixlt'*< 
will also increase the rate of solution, because this action metcast's the anwtint as 
surface in contact with the liquid. Stirring also aids in ditlnsiou of the dissolved 
molecules. 

As the solution ptoeess consumes, more and more s»iufc molecules cuter tlx 
liomd phase. These "'dissolved" molecules are its random motion alone, with tin- 
solvent molecules. Asa result of litis motion, solute molecules in the injukl ph;s-- 
undergo collisions with the surface of the crystal. It a collision occurs when a 
"'dissolved" molecule has it sufficiently low kinetic energy, it may be "captured'* b> 
the lattice forces at the sulfate of the crystal and become part of the crystal ayun 
Tlds process, which is the reverse of dissolution, is called crystallization Thus we 
have two opposing processes oeeuning in the system {illustrated m figure l'1-I) 
which can be represented by the expression 

tindiSNolvau solute - Dissolved solute 



mum ti t 

Dissolution ami 




The ruse of msstaflizabon is determined by the same factors thai determin 
the rate of solution -nature of solute and solvent, temperature, and surface area o 
solute -and s>ne additional factor, the number of solute molecules in the Ikmu 
phase. 

As was indicated above, for a given solute and solvent at a given temperako 
and with a given surface area, the rate of .md'Orou is essentially constant with ti-ao 
The raw oj eryuatlhatiim. however, begins at zero ami gradually increases bece.m 
the number of dissolved solute molecules is constantly -me teasing. Eventuate 
th tora the rales ui the Um m; wic ro s„-s mu.-u become e,pul ami as' a 
of dymunit equilibrium is reached. (Note the similarity to the evaporation oi . 
liquid in a closed system, p. 204). In this state, if the temperature is held c<msk<f 
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s sttuailos 



v dissolved 



solute wit! continue to dissolve and to crystallize at the same rate, a 
no net change in the amount of solute dissolved. A solution in whh 
exists- that is one in which the dissolved solute is in equilibrium 
solved solute— k called a sattmJU'd solution. When a solution contaii 
solute than the equilibrium amount it is said to be unsaturated, if it contains more 
than the equilibri • t unt ft is i f enaturated (see t 159) 

let us now consider the dissolution of an ionic solid in a liquid; for example, 
sodium chloride in water, in general, our discussion of the dissolution of a 
molecular solid applies also to an ionic solid, with some modifications necessary 
because of the difference iti the nature of the attractive forces. 
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tpote attraction, it penmts th.< 
e part of the liquid phase. The dissolve 
through the solution surrounded by their attached water molecules. In this condi- 
tion the tons are said to be hydmed, and the process of their formation is called 
hydration. (These terms are used when the solvent is water. The more genera! terms 
soivatcd and solvation are used to indicate ihe attachment of molecules oi any 
solvent.) As in the case with molecular solutes, if sufficient solute is present, art 
equilibrium will be established between the dissolved and undissolved ionic sub- 
stance, giving, a saturated solution. 
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FIGURE 11-2 

Dissolution os" an Ionic Crystal it; Water 
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2 Solute-Solvent Interactions 



2.1 Solutions 

In a limited sense solutions are homogeneous liquid phases consisting of more than one 
substance in variable ratios, when for convenience one of the substances, which is called 
the solvent and may itself be a mixture, is treated differently from the other substances, 
which are called solutes ill Normally, the component which is in excess is called the 
solvent and the minor component's) is the solute. When the sum of the mole fractions of 
the solutes is small compared to unity, the solution is called a dilute .solution*'' . A solu- 
tion of solute substances in. a sol vent is treated as an ideal Muie solution when the solute 
activity coefficients y are close to unity (y -------- 1) [1, 171], Solute/solvent mixtures A ••!•• B 

that obey Raoalfs law over the entire composition range from pure A to pure B are 
called ideal .solutions. According to Raoult, the ratio of the partial pressure of compo- 
nent A(p A ) to its vapour pressure as a pure liquid (p ' x ) is equal to the mole fraction of 
A(xa) in the liquid mixture, i.e. x A ~ Pa/pX- Many mixtures obey Raoult 's law very 
well, particularly when the components have a similar molecular structure {e.g. benzene 
and toluene), 

A. solvent should not be considered a macroscopic continuum characterized only 
by physical constants such as density, dielectric constant, index of refraction etc.. but as 
a dlscontinuum which consists of individual, mutually interacting solvent molecules. 
According to the extent of these interactions, there are solvents with a pronounced 
internal structure {e.g. water) and others in which the interaction between the solvent, 
molecules is small {e.g. hydrocarbons). The interactions between species in solvents (and 
in solutions) are at once too strong to be treated by the laws of the kinetic theory of 
gases, yet too weak to be treated by the laws of solid-sta te physics. Thus, the solvent is 
neither an indifferent medium in which the dissolved material diffuses in order to dis- 
tribute itself evenly and randomly, nor does it possess an ordered, .structure resembling a 
crystal lattice. Nevertheless, the long-distance ordering in a crystal corresponds some- 
what to the local ordering in a liquid. Thus, neither of the two possible models the gas 
and crystal models can be applied to solutions without limitation. There is such a wide 
gulf between the two models in terms of conceivable and experimentally established 
variants, that it is too difficult to develop a generally valid model for liquids. Due to the 
complexity of the interactions, the structure of liquids in contrast to that of gases and 
solids - is the least-known of all aggregation states. Therefore, the experimental and 
theoretical examination of the structure of liquids is among the most difficult tasks of 
physical chemistry [2 -7, 172-174]. 

Any theory of the liquid state has to explain - among others - the following facts: 
Except for water, the molar volume of a liquid is roughly 10% greater than that of the 
corresponding solid. According to X-ray diffraction studies, a short-range order of sol- 
vent molecules persists in the liquid state and the nearest neighbour distances are almost 
the same as those in the solid. The solvent molecules are not moving freely, as in the 



* the superscript :o attached to the symbol tor a property of a solution denotes the property of an 
infinitely dilate solution. 
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gaseous state, but instead move in the potential field of their neighbours. The potential 
energy of a liquid is higher than that of its solid by about 10%. Therefore, the heat of 
fusion is roughly 10% of the heat of sublimation. Bach solvent molecule has an envi- 
ronment very much like thai of a solid, but some of the nearest neighbours are replaced 
by holes. Roughly one neighbour molecule in ten is missing. 

Even for the most important solvent - water - the investigation of its inner fine 
structure is still the subject of current research |8 -15. 15ai*'. Numerous different models. 
e.g. the •"flickering cluster model"' of Franck and Wen (16). were developed to describe 
the structure of water. However, all these models prove themselves untenable for a 
complete description of the physico-chemical properties of water and an interpretation 
of its anomalies [304], Fig. 2-1 should make clear the complexity of the inner structure 
of water. 

Liquid water consists both of bound ordered regions of a regular lattice, and 
regions in which the water molecules are hydrogen-bonded in a random array: it is per- 
meated by monomelic water and interspersed with random holes, lattice vacancies, and 
cages. There are chains and small polymers as well as bound, free, and trapped water 
molecules [9, 176L The currently accepted view of the structure of liquid water treats it 
as a dynamic three-dimensional hydrogen-bonded network, without a significant num- 
ber of non-bonded water molecules, that retains several of the structural characteristics 
of ice {i.e. tetrahedral molecular packing with each water molecule hydrogen-bonded 
to four nearest neighbours), although the strict tetrahedrality is lost 1176]. Its dynamic 
behaviour resembles that, of most other liquids, with short rotational and translational 
correlation times of the order of 0.1 to 10 ps, indicating high hydrogen-bond exchange 
rates [176, 305 j. 

In principle, other hydrogen-bonded solvents should possess similar complicated 
structures [306], However, whereas water has been thoroughly studied [17, 176, 3071, the 
inner structures of other solvents are still less well known 172, 177-179], By way of 
example, the intermoiecitiar structure of acetone is determined mainly by steric inter- 
actions between the methyl groups and, unexpectedly, only to a small extent by dipole/ 
dipole forces [308J, whereas the inner structure of dimethyl sulfoxide is dictated by 
strong dipoie/dipole interactions [309]. 

From the idea that the solvent only provides an indifferent reaction medium, 
comes the Ruggd-'/iegkr dilution principle, long known to the organic chemist. Accord- 
ing to this principle, in the case of cychzation reactions, the desired intramolecular 
reaction will be favoured over the undesired intermolecular reaction by high dilution 
with an inert solvent 1 18, 310], 

The assumption of forces of interaction between solvent and solute led, on the 
other hand, to the century-old principle that "like dissolves like" (similia simdihwt sod 
vuntur), where the word "like" should not be too narrowly interpreted. In many cases, 
the presence of similar functional groups in the molecules suffices. When a chemical 



* The amusing story of "polywater," which excited the scientific community for a few years during 
the hue 1%0's and early I970's> has been reviewed by Franks 11751. h turned out that polywarer 
was not a new and more stable form of pure water, hut merely dirty water. The strange properties 
of poly-water were due io high concentrations of siliceous material dissolved from quartz, capillaries 
m which it was produced. 
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Fig. 2-3. Two-dimensional schematic diagram of the three-dimcfi^ooai structure of liquid water 



8 2 Solute-Solvent. Interactions. 



similarity is present, the solution of the two components will usually have a structure 
similar to that of the pure materials (e.g. alcohol-water mixtures | \9\). This rule of 
thumb has only limited validity, however, since there are many examples of solutions of 
chemically dissimilar compounds. For example, methanol and benzene, water and N,N- 
dimethylforma mide. aniline and diethyl ether, and polystyrene and chloroform, are all 
completely irascible at room temperature. On the other hand, insolubility can occur in 
spite of similarity of the two partners. Thus, polyvinyl alcohol does not dissolve in 
ethanol, acetyl cellulose is insoluble in ethyl acetate, and polyacrylonitrile is insoluble in 
acrylonitrile 1201. Between these two extremes there is a whole range of possibilities 
where the two materials dissolve each other to a limited extent. The system water/diethyi 
ether is such an example. Pure diethyl ether dissolves water to the extent of 15 mg/'g at 
25 °C, whereas water dissolves diethyl ether to the extent of 60 mg/g. When one of the 
two solvents is in large excess a homogeneous solution is obtained. Two phases occur 
when the ratio is beyond the limits of solubility. A more recent example of a reaffirma- 
tion of the old "like dissolves like" rule is the differential solubility of fnllerene (Ceo), 
consisting of a three-dimensional deloealized 60;r-e!ectron system, in solvents such as 
methanol {$ — 0.01 mg/mL) and i-chloronaphtbalene {s ~ 50 mg/mL) [31 Ij. 

However, rather than the "like dissolves like"' rule, it is the intermoiecular inter- 
action between solvent and solute molecules that determines the mutual solubility, A 
compound A dissolves in a solvent B only when the intermoiecular forces of attraction 
A' A; v and Km for the pure compounds can be overcome by the forces A A g in solution 
[211. 

The sum of the interaction forces between the molecules of solvent and solute can 
be related to the so-called polarity** of A and B. Denoting compounds with large inter- 
actions A '-'A or B-B, respectively, as polar, and those with small interactions as 
nonpolar, four cases allowing a qualitative prediction of solubility can be distinguished 
(Table 2-1). 

An experimental verification of these simple considerations is given by the solu- 
bility data in Table .2-2. 



Table 2-1. Solubility and polarity [22]. 



Solute A 


Solvent 8 


Interaction 
A -A 


B-B 


A • B 


Solubility of 
A in B 


Nonpolar 


nonpolar 


weak 


weak 


weak 


can be hidr 1 ' 


Nonpolar 


polar 


weak 


;Oron2 


weak 


probably low*' 


Polar 


nonpolar 


strong 


weak 


weak 


probably low 0 


Polar 


polar 


strong 


strong 


strong 


ca n be high 3 ' 



w Not much change for solute or solvent. 

Difficult to break up B ■ ■ B. 
l: Difficult to break up A ■ • A. 



* For a more detailed definition of solvent polarity, see Sections 3.2 and 7,1, 
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Fable 2-2. Solubilities of methane, ethane, chbromclhartc, and dimethyl ether it) 



Solute Solute polarity Sohibility/(mol ■ m" 3 ) at 2S ' C 

inCCl 4 inCH,COCI-f 



CH 4 rxonpolar 29 25 

CH,CHi ooopolar 220 130 

CH,0 polar 1700 2800 

CHiOCHi polar 1900 2200 



The solubilities of ethane and methane are higher in nonpolar tetrachloro- 
meihane, whereas the opposite is true for chloromethane and dimethyl ether. A survey 
of the reciprocal miscibtlity of some representative examples of organic solvents is given 
in Fig. 2-2". 

Solubili ty is commonly defined as the concentration of dissolved solute in a sol- 
vent in equilibrium with undissolved solute at a specified temperature and pressure. For 
a deeper and more detailed understanding of the diverse rules determining the solubility 
of organic compounds in various solvents, see references [3 12-3 16). 

The solubility parameter 6 of Hildebram? 14. 24j. «n defined in Eq. (2-1), can often 
be used in estimating the solubility of non-electrolytes in organic sol vents. 

In this equation, V m is the molar volume of the solvent, and At/ V and A// v are the 
molar energy and the molar enthalpy (heat) of vapourisation to a gas of zero pressure, 



Water n- Heptane 




2- Bute none Ethyl acetate 



Fig. 2-2. Mixability of organic solvents miscible in all proportions; limited 

mtscibiiity; little inisctbility; without line; immiscible. 
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respectively. S is a solvent property which measures the work necessary to separate the 
solvent molecules {i.e. disruption and reorganization of solvent/solvent interactions) to 
create a suitably sized cavity, large enough to accommodate the solute. Accordingly, 
highly ordered self-associated solvents exhibit relatively large <5 values [3 ~ 0 for the gas 
phase). As a rule, it has been, found at ood solvent foi a certain non-< leetroh te it $s 
a d value close to that oi the soli te 20 24 25 ' fable 5-3 Section 5 2 foi a collec- 
tion of 3 values. Often a mixture of two solvents, one having a S value higher and the 
other having a S value lower than that of the solute is a better solvent than each of the 
two solvents separately [24]; cf. also Section 3.2. 

A nice example demonstrating mutual insolubility due to different 5 values has 
been described by Hildebrand [180i, and was later improved. [181). A system of eight 
non-ratscible liquid layers was constructed. The eight layers in order of increasing den- 
sities are paraffin oil. silicon oil, water, aniline perfiuon (dim ) c i ane white 
phosphorus, gallium, and mercury. This system is stable indefinitely at 45 °C; this tem- 
perature is required to melt the gallium and phosphorus [181], A simplified, less harmful 
version with five colourless liquid phases consists of mineral (paraffin) oil. methyl silicon 
oil, water, benzyl alcohol, and perfhK>ro(A-ethylpiperidine) (or another perfiuoro- 
organte liquid), in increasing order of density [3171. Addition of an organic-soluble dye 
can colour some of the five layers. 



2.2 Ititermolecutar Forces |26, 27, 182-184] 

Internioiecular forces are those which can occur between closed-shell molecules [26, 27]. 
These are also called van der Waals forces, since van der Waals recognized them as the 
reason for the non-ideal behaviour of real gases, intermolecular forces are usually clas- 
sified into two distinct categories. The first category comprises the so-called directional, 
induction, and dispersion forces, which are non-specific and cannot be completely satu- 
rated (just as Coulomb forces between ions cannot). The second group consists of 
hydrogen-bonding forces, and charge-transfer or electron-pair donor acceptor forces. 
The latter group are specific, directional forces, which can be saturated and lead to stoi- 
chiometric molecular compounds. For the sake of completeness, in the following the 
Coulomb forces between ions and electrically neutral molecules (with permanent dipole 
moments) will be considered first, even though they do not belong to the intermolecular 
forces in the narrower sense. 



2.2.1 Ion-I>ipo!e Forces [28, 185| 

Electrically neutral molecules with an imsymmetrical charge distribution possess a per- 
manent dipole moment / 4 If the ma n v dt * the two equal and opposite charges of this 
molecular dipole is denoted by q y and the distance of separation /, the dipole moment is 
given by /./ — q ■ I. When placed in the electric field resulting from an ion, the dipole will 
orient itself so that the attractive end (the end with charge opposite to that of the ion) 
will be directed toward the ion, and the other repulsive end directed away. The potential 
energy of an ion-dipole interaction is given by 
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where go is the permittivity of a vacuum, z - e the charge on the ion. r the distance from 
the ion to the center of the dipole, and 8 the dipole angle relative to the line r joining 
the ion and the center of the dipole. Cos 0-1 for 0 - 0°, U. in this case the dipole 
is positioned next to the ion in such a way that the ion and the separated charges of 
the dipole are linearly arranged ( (T""-") © or ("■■""+~) Equation (2-2) gives the 
free energy for the interaction of an ionic charge ~-e and a so-called 'pomt-dipole' 
(for which / ~ 0) in vacuum. For typical interatomic spacings (r ss 300 400 pm), the 
ion-dipole interaction is much stronger than the thermal energy k ■ T at 300 K.. For 
the monovalent sodium cation (- — -f 1, radius — 95 pm) near a water molecule 
(radius « 140 pm; ft = 5.9 • 10 v> Cm), the maximum interaction energy calculated by 
Eq. (2-2) amounts to V - 39/c - T or 96 kJ - mol" 1 at 300 K [26b). 

Only molecules possessing a permanent dipole moment should be called dipolar 
molecules. Apart front a few hydrocarbons (o-hexane, cyclohexane, and benzene) and 
some symmetrical compounds (carbon disulfide, tetrachioromethane, and terra - 
chloroethene) all common organic solvents possess a permanent dipole moment of 
between 0 and 18 • 10™ 30 Cm tie. Coulombmeter). Among the solvents listed in. the 
Appendix, Table A-i. hex am - h ph >sphork triaroide is the one with die highest dipole 
moment (/o~ 18.48 ■ 10'"'" Cm), followed by propylene carbonate {ft — 16.7 • 10 " 30 
Cm), and sulfolane {ft ~ 16.05 • 10"'" Cm). The largest dipole moments amongst fluids 
are exhibited by zwitterionie compounds such as the sydnones (i.e. 3-alkyM,2,3- 
oxadiazolium-5-olates). For example. 4-ethyl-3-( 1 -propyi)sydnone, a high-boiling liquid 
(thp — 155 *C/3 Torr) with a large relative permittivity (« r ~ 64.6 at 25 :: 'C), has a dipole 
moment of ~ 35.7 - 10 ' 30 Cm (—10.7 D) [318]. The peculiar physical properties of 
such room temperature liquid sydnones make them to good nonaqueous dipolar sol- 
vents for many ionophores (electrolytes). 

Ion-dipole forces are important for solutions of ionic compounds in dipolar sol- 
vents, where sol va ted species such as Na(()fff) ( f and Ci(fbO}; ; '- ! (for solutions of NaCl 
in HzO) exist. In the case of some metal ions, these solvated species can be sufficiently 
stable to be considered as disci e sp cies such a 4 - Co(NH } ) ( or A CHCN 

For a comprehensive review on ion/solvent interactions, see reference (24.1). 



2.2.2 Dipole-Dipole Forces |29j 

Directional forces depend on the electrostatic interaction between molecules possessing 
a permanent dipole moment ft due to their imsymmetrical charge distribution. When 
two dipolar molecules are optimally oriented with respect to one another at a distance r 
as shown in Fig. 2- 3a, then the force of attraction is proportional to i/r\ An alternative 
arrangement is the anti-parallel arrangement of the two di poles as shown in Fig. 2-3 b. 



* if should be noted that Bqs. (2-2) to (2-6) are valid only for gases: an exact application to solu- 
tions is not possible. Furthermore. Eqs. (2-2) to (2-6) are restricted to eases with r » /. 
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(a) lb) 



Fig. 2-3. (a) "Head-kMair arrangement of two dipole molecules: (b; AoSiparallel arrangement of 
Iwo dipole molecules. 



Unless the dipole molecules are very voluminous, the second arrangement is the 
more stable one. The two situations exist only when the attractive energy is larger than 
the thermal energies. Therefore, the thermal energy will normally prevent the dipol.es 
from optimal orientation, if all possible orientations were equally probable, that is, the 
dipoles correspond to freely rotating molecules, then attraction and repulsion would 
compensate each other. The fact that dipole orientations leading to attraction are sta- 
tistically favored leads to a net attraction, which is strongly temperature dependent, 
according to .Eq. (2-3) (k H ~ RoUzmann constant; 7" ~ absolute temperature) [29]- 

As the temperature increases, the angle-averaged dipole/dipole interaction energy 
becomes less negative until at very high temperatures all dipole orientations are equally 
populated and the potential energy is zero. This Boltzmann-averaged dipole/dipole 
interaction is usually referred to as the orientation or Keesom interaction \2% According 
to Eq. (.2-3), for pairs of dipolar molecules with a — 3.3 • 10'" Cm. (— 1 D), at a sepa- 
ration of 500 pm, the average interaction energy is about -0.07 kJ • mof"' f at 25 As. 
This is clearly smaller than the average molar kinetic energy of 3/2 k ■ T ™ 3.7 
kJ • roof"' at the same temperature |26di. 

Among other interaction forces, these dipole-dipole interactions are mainly 
responsible for the association of dipolar organic solvents such as dimethyl sulfoxide AO] 
or A ? ,A ? -dimethylformamide [311. 

It should be mentioned that dipoles represent only one possibility for the charge 
arrays in electric multi poles («-poles). n- Poles with an array of point charges with an 
it-pole moment (but no lower moment) are n~poktr. Thus, a monopole in — 1) is a point 
charge and a monopole moment represents an overall charge {e.g. of an ion Na T or 

CI" l A dipole {n ~ 2; e.g. HiO. HjC—CO CHO is an array of partial charges with 

no monopole moment {i.e. no charge). A quadrupolar molecule (n ~- 4; e.g. CO- QH$) 
has neither a net charge nor a dipole moment, and an. octupolar molecule (» - 8: e.g. 
CH 4 . CCU) has neither charge nor a dipole or quadmpok moment. In addition to 
dipole/dipole interactions, in solution there can also exist such higher intermolecular 
rnultipole/multipole interactions. Therefore, to some degree, octupolar tetrachloro- 
methane is also a kind of polar solvent. However, the intermolecular interaction energy 
rapidly falls off at higher orders of the multipoie j26dj. The anomalous behaviour of the 



2,2 Intertiwkcukt,- forces 



13 



chair-configured, non-dipolar solvent 1 : 4~dioxane, which often behaves like a polar sol- 
vent even though its relative permittivity is low (s f — 2.2), is caused by its large nonideal 
quadrupolar charge distribution [41.1]. 



2.2.3 Dipok-Induced Dipole Forces [32| 

The electric clipo'le of a molecule possessing a permanent dipole moment. /.; can induce 
a dipole moment in a neighbouring molecule. This induced moment always lies in the 
direction of the inducing dipole. Thus, attraction always exists between the two partners, 
which it; independent of temperature. The induced dipole moment* 0 will be bigger the 
larger the poianzability * of the apolar molecule experiencing the induction of the per- 
manent dipole. The net di pole/induced dipole energy of interaction for two different 
molecules, each possessing a permanent dipole moment /.q and /.i 2 and polarizabilities Xj 
and «2» often referred to as the induction or Debye interact hot 132], is given by Eq. (2-4). 

(4;r-£o)- r 

For a dipolar molecule of /.< - 3.3 • 10 " m Cm (1. D; e.g. H — CI) separated from a 
molecule of polarization volume st — 10 • 10"*' m 3 {e.g. QFU) by a distance of 300 pits, 
the temperature-independent interaction energy is about -0.8 kJ/mol i'26dl. 

Similarly., a charged particle such as an ion introduced into the neighbourhood of 
an uncharged, apolar molecule will distort, the electron cloud of this molecule in the 
same way. The polarization of the neutral molecule will depend upon its inherent 
poianzability a, and on the polarizing field afforded by the ion with charge s ■ e. The 
energy of such an interaction is given by Eq. (2-5). 



The importance of both of these interactions is limited to situations such as solutions of 
dipolar or ionic compounds in nonpofar solvents. 



2.2.4 Instantaneous Dipote-lnduced Dipole Forces [33, 34, 186] 

Even in atoms and molecules possessing no permanent dipole moment, the continuous 
electronic movement results, at any instant, in a small dipole moment ft, which can 
fluctuatingly polarize the electron system of the neighbouring atoms or molecules. This 
coupling eauses the electronic movements to be synchronized in such a way that a 
mutual attraction results. The energy of such so-called dispersion or London [33] ittter- 



& tou-iuctuosd dipote - 




(2-5) 



* The induced dipote moment is defined as .u,^ ;;; 4jr • e 0 • a • E (e 0 permittivity of vacuum: a elec- 
tric pohinzability of the molecule; E electric field strength). 
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actions can be expressed as 



(4)1 ■ 



, 2 " 2r 6 



3-x } • ?■» 




(2-6a) 



where :Xj and * 2 are the polarizabilit.tes and /j and /> are the ionization potentials of the 
two different interacting species [331. When applied to two molecules of the same sub- 
stance, Eq. (2-6a) reduces to Eq, (2-6b). 



Dispersion forces are extremely short-range in action (depending on 1 />'•'!}. 

Dispersion forces are universal for all atoms and molecules; they alone are 
responsible for the aggregation of molecules which possess neither free charges nor 
electric dipole moments. Due to the greater polarizability of --electrons, especially 
strong dispersion forces exist between molecules with conjugated --electron systems (e.g. 
aromatic hydrocarbons). For many other dipole molecules with high polarizability as 
well, the major part of the cohesion is due to dispersion forces. For example, the calcu- 
lated cohesion energy of liquid 2-butanone at 40 C C consists of 8% orientational energy, 
14% inductions! energy, and 78% dispersion energy [35). Two molecules with 
a 3- 10~ 30 m-\ / - 20 • 10~ w J, and r — 3 • 10~ 30 m have an interaction potential of 
-11,3 kJ/mol (-2.7 kcal/mol) [35a]. These values of a, /, and the average mtermolecular 
distance r correspond to those for liquid HC1. ft is instructive to compare the magnitude 
of these dispersion forces with that of the dipole-dipole interactions. For two dipoi.es, 
both with dipole moments of 3.3 • 10~'° Cm (1.0 D), separated by a distance of 
r ~ 3 • 10~ w m and oriented as in Fig. 2-3a, the interaction energy is only -5,3 kJ/mol 
(-•LI kcal/mol) [35a). Thus, for HQ and most other compounds, the dispersion forces 
are considerably stronger than the dipole-dipole forces of nearest neighbour distance in 
the liquid state. However, at. larger distances the dispersion energy falls off rapidly. 

As a result of the ct" term in Eq. (2~6b), dispersion forces increase rapidly with the 
molecular volume and the number of polarizable electrons. The polarizability a is con- 
nected with the molar refraction and the index of refraction, according to the equation 
of Lorenz-Lorentz. Therefore, solvents with a large index of refraction, and hence large 
optical polarizability. should be capable of enjoying particularly strong dispersion 
forces. As indicated in Table A- 1 (Appendix), all aromatic compounds possess relatively 
high indices of refraction, e.g. quinoline (« ~- 1.6273}. iodobenzene (n ■■■■■■■■ 1.6200), aniline 
(n - 1.5863), and dipheayJ ether {» — 1.5763); of all organic solvents, carbon disulfide 
(n — 1.6275) and diiodomet.ha.ne (« — 1.738) have the highest indices of refraction. 

Solvents with high polarizability are often good soivators for anions which also 
possess high polarizability. This is due to the fact that the dispersional interactions 
between the sob. ent^ and the Luge pulan/ubk . : ,n hke 1 1 SC\ <u the panne 
anion, are significantly larger than for the smaller anions like F 8 , HO 8 , or R 2 N e [36]. 
Perfluorohydroca rbons have unusually low boiling points because tightly held electrons 
in fluorine have only a small polarizability. 
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2.2.5 Hydrogen Bonding |37~46, 187-190, 306] 

Liquids possessing hydroxy groups or other groups with a hydrogen atom bound to an 
electronegative atom X are strongly associated and have abnormal boiling points. This 
observation led to the contention that particular intermolecular forces apply here. These 
are designated as hydrogen bridges, or hydrogen bonds, characterized by a coordinaiive 
di valency of the hydrogen atom involved. A general definition of the hydrogen bond is: 
when a covaiently bound hydrogen atom forms a second bond to another atom, the 
second bond is referred to as a hydrogen bond 1381. 

The concept of hydrogen bonding was introduced in 1919 by Muggins [37 j. 
The first definitive paper on hydrogen bonding - applied to the association of water 
molecules ... was published in 1920 by Latimer and Rodebush [1911 Ail three were 
working in the Laboratory of G. N. Lewis, University of California, Berkeley/USA. 

A hydrogen bond is formed by the interaction between the partners R X H 

and :Y— R' according to Eq. (2-7). 

R-X-H * iY~R* 5==* R-X-H--Y-R' (2-7) 

R — X — H is the proton donor and ;Y — R' makes available an electron pair 
for the bridging bond. Thus, hydrogen bonding can be regarded as a preliminary 
step in a Bronsted acid-base reaction which would lead to a dipolar reaction product 
R— X e • • ■ H — Y® — R'. X and Y are atoms of higher electronegativity than hydrogen 
(e.g. C, N. P. 0. S, F, CI, Br, I), Both inter- and intramolecular hydrogen bonding are 
possible, the latter when X and Y belong to the same molecule. 

The most important electron pair donors (i.e. hydrogen bond acceptors) are the 
oxygen atoms in alcohols, ethers, and carbonyl compounds, as well as nitrogen atoms in 
amines and A'-heieroeyeles. Hydroxy-, amino-, carboxyk and amide groups are the 
most important proton donor groups. Strong hydrogen bonds are formed by the pairs 
O— H • ■ • O. O— H • ■ ■ N, and N — H -■-<), weaker ones by N— H • • ■ N, and the 

weakest by CkC H •••<) and CTC H • •• N. The n -electron systems of aromatic 

compounds, alkenes, and alkynes can also act as weak hydrogen bond acceptors [1 891 

When two or more molecules of the same type associate, so-called homo- 
intermokcuku hydrogen bonds are formed (Fig. 2-4). The association of different mole- 
cules {e.g. R — O — H ■ ■ ■ NRi) results in hetem-ituerfnoiecuiar hydrogen bonds. The 
designations homo- and heteromolecular [192] as well as homo- and hefewawjtu-jated 
hydrogen bond are also in use. A remarkable example of a competitive solvent- 
dependent equilibrium between homo- and hetero-imermolecular hydrogen-bond asso- 
ciated species has been found in solutions of 4-hydroxyacetophenone and 2-{2- 
hexyloxyet.hoxy)ethanol [319]. 

Hydrogen bonds can be either «??muolecuiar or intramo\zm\m . Both types of 
hydrogen bonds are found in solutions of 2-nitrophcnol, depending on the Lewis basic- 
ity of the solvent [2981. The intra molecularly hydrogen-bonded form exists in non- 
hydrogen-bonding solvents (e.g. cyclohexane, tetrachloromethane). 2-Nitrophenol breaks 
its intramolecular hydrogen bond to form an intermolecular one in electron-pair donor 
( EPD) solvents (e.g. anisole, HMPT). 
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r -h. ^h" r~c\ / c-r r-c' c-r 

*9 O-N-tf ,N-H~0' 



Fig. 2-4. Hiomo-intennoieeiiiar hydrogen bonds in alcohols, earboxylic acids, and amides: (the 
hydrogen bonds ace denoted by dotted lines). 



Circular hydrogen bonds have been found in the hexahydrate of a-cyclodexinn 
fcyclohexaamylose) L193L Hydration water molecules and hydroxy groups of the ma- 
cro-molecule cooperate to form a network-like pattern with circular O — H - • O hydro- 
gen bonds. If the O H • 0 hydrogen bonds run in the same direction, the circle is 

called homodromic. Circles with the two counter-running chains are called antidromic, 
and circles with more randomly oriented chains are designated heterodromic [193]; cf. 
Fig. 2-4a. Such circular hydrogen bonds can be of importance with respect, to the inner 
molecular structure of water and alcohols {cf also f ig. 2-1). 

The question of the exact geometry of hydrogen bonds (distances, angles, lone- 
pair directionality) has been reviewed i!94j. 

The bond dissociation enthalpy for normal hydrogen bonds is ca. 13 . . . 42 kJ/mol 
(3 ... 10 kcai/mol)**. For comparison, covalent single bonds ha ve dissociation enthalpies 
of 210. . .420 kJ/moi (50. .. 100 kcal/mol). Thus, hydrogen bonds are approx. ten times 
weaker than covalent single bonds, but also approx. ten times stronger than the non- 



H ^ H H ' f H j H 

b-H-d r -6-h~o' b-H— d^ H 

(a) (b) {c} 

Fig. 2-4a. Three types of circular hydrogen bonds' (a) bomodromie. (bt antidromic, and (c) hetero- 
droiiuc hydrogen bonds iWj. 



* Bond disso i Ipic-s outside these limits a however, known. Examples of weak, nor- 

mal Hid strong in irogen bonds are found in Oil ioik in. [nu nh.no! i -h'vek \/7 N 1 1 
mol) (47), phenol/triethyJatnine (A// - -37 kJ/inoi) |47|. and trichloroacetic acid/triphenylphos- 
phane oxide (A/7 ::: -67 kJ/mo!) \m\ An extremely strong hydrogen bond is found in \k-;N HF ; 
(AH :: -155 kJ/mol) I38i. The strength oh a hydrogen bond correlates with the basicity of the 
proton-acceptor and the acidify of the proton-donor molecule. Compounds wilh very strong hy- 
drogen bonds have been reviewed [320]. 



2,2 Intertiwkcukt,- forces 



17 



specific intermodular interaction forces. The question as to whether or not a hydrogen 
bond is stronger than the equivalent deuterium bond is addressed in reference [321]: the 
D-hond seems to be somewhat stronger than the H-bond in the case of neutral hydro- 
gen-bonded complexes, but the reverse is true for charged complexes. 

Hydrogen bonds are characterized by the following structural and spectroscopic 
features [39]: fa) the distances between the neighbouring atoms involved in the hydrogen 
bond [X and Y in Eq (2-7) ire consider ibh sn fer than the sum of then van tier 
Waals radii; (b) the X---H bond length is increased and hydrogen bond formation 
causes its IR stretching mode to be shifted towards lower frequencies (for exceptions see 
reference [190]); (c > the dtpolarity of the X — H bond increases on hydrogen bond for- 
mation, leading to a larger dipole moment of the complex than expected from vectorial 
addition of its dipolar components R -X — H and Y R'; (d) due to the reduced elec- 
tron density at H-atoms involved in hydrogen bonds, they are deshiekied, resulting in 
substantial dowufieki shifts of their f H NMR signals; (e) in hetero-moiecular hydrogen 
bonds, a shift of the Bronsted acid/base equilibrium R — X — II. • • • Y — R' ^R— 
X ■ • ■ H — 'V R to the right-hand side with increasing solvent polarity is found (cf. 
Section 4.4.1 and references [195, 322] for impressive examples). 

Up until now there has been no general agreement as to the best description of the 
nature of the forces in the hydrogen bond 142 46]. The hydrogen bond can be described 
as a dipole-dipole or resonance interaction. Since hydrogen bonding occurs only when 
the hydrogen is bound to an electronegative atom, the first assumption concerning the 
nature of the hydrogen bond was that it consists of a dipole-dipole interaction such as 
r — X s ® — H?® • • • y 6 °— R'. This viewpoint is supported by the fact that the strongest 
hydrogen bonds are formed in pairs in which the hydrogen is bonded to the most elec- 
tronegative elements {e.g. F — H • • • F e , AH ~ -155 kJ/moi). The greater strength of 
the hydrogen bond compared with non-specific dipole-dipole interactions is due to the 
much smaller size of the hydrogen atom relative to any other atom, which allows it to 
approach another dipole mote closely. This simple dipole mode! accounts for the usual 
linear geometry of the hydrogen, bond, because a linear arrangement maximizes the 
attractive forces and minimizes the repulsion. 

However, there are reasons to believe that more is involved in hydrogen bonding 
than simply an exaggerated dipole-dipole interaction. The shortness of hydrogen bonds 
indicates considerable overlap of van der Waals radii and this should lead to repulsive 
forces unless otherwise compensated. Also, the existence of symmetrical hydrogen bonds 
of the type F* e • -H - •• F' ); - 5 cannot be explained in terms of the electrostatic model. 

When the X Y distance is sufficiently short, an overlap of the orbitals of the X H 

bond and the electron, pair of ;Y can lead to a covalent interaction. According to Eq. 
(2-8), this situation can be described by two contributing "protomeric*' structures, which 
differ only in the position of the proton*'. 

R-X-H-Y-R' ■»-"--— R-X®-M-Y®-R' O 8 ) 



* The term "prolomeric structure" was obviously introduced in analogy to the well-known 
"mesomenc structures", which arc used to describe the electronic ground state of aromatic com- 
pounds such as benzene in terms of a resonance hybrid [323]. 
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The approximate quantum mechanical description of proton states by linear 
combination of these protomeric structures has been called protorneriun (symbol p) [323, 
324). It seems to be applicable to hydrogen bond systems in which a proton transfer may 
occur between two potential minima of equal depth {323, 3241. 

Solvents containing proton-donor groups are designated protic solvents [36 1 or 
HBD solvents [196]; solvents containing proton-acceptor groups are called HBA sol- 
vents [196]. The abbreviations HBD (hydrogen-bond donor) and HBA (hydrogen-bond 
acceptor) refer to donation and acceptance of the proton, and not to the electron pair 
involved in hydrogen bonding. 

Solvents without, proton-donor groups have been designated aprotic solvents [36), 
However, this term is rather misleading, since, for example, solvents commonly referred 
to as dipolar aprotic {e.g. CH3SOCH3, CH 3 CN, CH 3 N(>>} are in feet not aprotic. In 
reactions where strong bases are employed, their prolic character can be recognized. 
Therefore, the term aprotic solvents should be replaced by nonhydroxylk or better still 
by non-HBD solvents [197]. 

Typical protic or HBD solvents are water, ammonia, alcohols, earboxylie acids, 
and primary amides. Typical HBA solvents are amines, ethers, ketones, and sulfoxides. 
Amphiprotic solvents can act both as HBD and as HBA solvents simultaneously {e.g. 
water, alcohols, amides; cf. Fig. 2-4). 

In type- A hydrogen bonding, the solute acts as a HBA-base and the solvent as a 
HBD-acid; in type- 8 hydrogen bonding, the roles are reversed [196!. 

Hydrogen bonding is responsible for the strong, temperature-dependent self- and 
hetero-association of amphiprotic solvents {e.g. water alcohols, amides). 

The molecular structure of binary HBD/HBA solvent mixtures is largely deter- 
mined by iniermoiecular hydrogen bonding between the two components, which usually 
leads to pronounced deviations from ideal solution behaviour [306, 325 -3271. Repre- 
sentative examples are trichloromet.ha.ne/acetone |326j and trichloromethane/dimethyl 
sulfoxide mixtures [327), which readily form hydrogen-bonded 1:1 and 2:1 complexes, 
respectively, with distinct changes in their physical properties as a consequence. 

Hydrogen bonding plays a particularly important role in the interactions between 
anions and HBD solvents. Hence, HBD solvents are good anion solvators. Due to the 
small size of the hydrogen atom, small anions like F e , O e , or HO° are more effec- 
tively solvated by such solvents than the larger ones, e.g. if, f°, SCN e , or the pierate 
ion. {36]. This is also one of the reasons why the Gibbs energy of hydration, A6\, (>iv , of 
the halide ions decreases in the series F e > CT y > Br e > I 0 [491. 

Hydrogen bonding is of paramount importance for the stabilization and the shape 
of large biological molecules in living organisms (e.g. cellulose, proteins, nucleic acids). 
For instances the anaesthetic properties of some halogen-containing solvents such as 
chloroform, halothane (CF 3 — CHClBr), and methoxynurane (CH 3 6—CF 2 — CH.C1 2 ) 
have been connected with their ability to hinder the formation of biologically important 
hydrogen bonds, This is shown in the following equilibrium [300]: 

CUC-H * Vh-0=C'' CUC-H-OsC 7 * V-H 

J / \ 3 \ / 

An-iie-stbertiC Peptide H-boiv,1 

in Proteins 
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Halohydrocarbon solvents containing an acidic C — H bond shift this equilibrium in 
favour of free or less associated species, thus perturbing the ion channels which deter- 
mine the permeability of neuron membranes to K®/Na @ ions in the nervous system. 
Hydrogen bonds play a decisive role in determining the structure and dimension of these 
ion channels, on which this permeability depends [300]. 

Hydrogen-bonding also seems to be the molecular basis of sweetness. All sweet 
compounds - >■ i i have a H-bond donor and a H-bond acceptor ca. 250. . . 400 pm 
apart, which can form hydrogen bonds with a complementary pair on the sweet receptor 
in the taste buds of The tongue [328]. 

The effectiveness of solvents (and solutes) as hydrogen-bond donors and/or 
acceptors has been studied experimentally using suitable reference compounds, com- 
prising representative HBDs or HBAs,. in order to construct quantitative scales of sol- 
vent (and solute) hydrogen-bond acidity and hydrogen-bond basicity, respectively. For 
reviews on their construction and application to physicoehemical and biochemical pro- 
cesses, see references [329 ••334) as well as Chapter 7, Scales of hydrogen-bond acidity 
and basicity have mostly been set up using complex formation constants, as determined 
in inert solvents [329-332]. For example, the strength of HBAs has been measured from 
the Gibbs energy change AOhb for the formation of 1:1 hydrogen-bonded complexes 
between all kinds of HBAs (bases) and the reference HBD 4-fluorophenol in terra- 
chloromethane at 25 "C ['331, 332]. Other attempts to construct scales of HBD and HBA 
strengths, e.g. the a and ft scale of Taft and Kamlet [333, 334], are described in Chapter 
7, Not unexpectedly, the pKm scales derived in this way do not correspond to the 
common pJT a and p&'t, scales, i.e. to the normal acidity or basicity constants. 



2.2.6 Electron-Pair Donor/Eiectrou-Pair Acceptor Interactions (EPD/EPA Interactions) 
|5()-59, 59a, 59faJ 

When tetrachJoromethane solutions of yellow chforanii and colourless hexamethyl- 
benzene are mixed, an intensely red solution is formed (A m!iX = 517 nm [50]), This is due 
to the formation of a complex between the two components, and is only one example 
of a large number of so-called electron-pair doaor/e/ectwn-pair acceptor complexes 
(EPD/EPA complexes}*', ft. is generally accepted that the characteristic long- 
wavelength absorptions of these EPD/EPA complexes are associated with an electron 
transfer from the donor to the acceptor molecule. Muiliken termed these absorptions 
"charge-transfer (CT) absorptions" [51], 

A necessary condition for the formation of an additional bonding interact ton 
between two valency-saturated molecules is the presence of an occupied molecular 

* Synonyms for EPD/EPA complex are ekemm donor acceptor f EDA i complex so molecular 
complex [57, 581, and charge-transfer i CT; complex j'51j. Since normally the term molecular com- 
plex is only used lor weak complexes between neutral molecules, and the appearance of a charge- 
transfer absorption band does not necessarily prove the existence of a stable complex, the more 
general expression EPD/EPA complex, proposed by Gu tin ana [53], will be used here. This will 
comprise all complexes whose formation is due to an interaction between electron-pair donors 
(Lewis basest and electron-pair acceptors {Lewis acids), irrespective of the stabilities of t he com- 
plexes or the charges of the components. 
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orbital of sufficiently high energy in the EPD molecule, and the presence of a sufficiently 
low unoccupied orbital in the EPA molecule*'. Based on the type of orbitals involved 
in bonding interactions, all EPD molecules can be divided into three groups [51, 53): 
<t~, and 7I-EPD. In the first group, the energetically highest orbital is that of the lone pair 
of w-electrons on the heteroatoms (RjO, R?N. R>SO). in the second it is that of the 
electron pair of a cx-boncl (R Hal, cyclopropane)., and in the third it is that of the pair 
of % electrons of unsaturated and aromatic compounds (aikenes. alkylbenzen.es, poly- 
cyclic aroma tics). Similarly, EPA molecules can also be divided into three groups [51, 
531: iK a-, and jt-EPA. The lowest orbital in the first group is a vacant valency-orbital of 
a metal atom (Ag®, certain organometallic compounds), in the second it is a non- 
bonding (7-orbital (T. Br>, iCi), and in the third it is a system of s-bonds {aromatic 
and unsaturated compounds with electron-withdrawing substituents such as aromatic 
polynitro compounds, halobenzoquinones, tetracyanoethene). Because, in principle, any 
donor is able to form a complex with any acceptor, there exist nine different types of 
EPD/EPA complexes. The largest number of investigations have been concerned with 
complexes of the type tt-EPD/V-EPA (<f, the above-mentioned hexamethyl benzene/ 
chloranil complex) and jr-EPD/cr-EPA (cf. complexes of aromatic hydrocarbons and 
aikenes with halogens and tuterhalogens). 

More recent interesting examples of jr-BPD/n-EPA complexes can be found in 
references 1335, 3361 and of rc-EPD/'s-EPA complexes {i.e. ^/cation interactions) in ref- 
erences 1337, 338], For the synthesis of the first free, non-coordinated silyl cation in 
solution lie. trimesitylsilyiium tetrakis(pentafiuorophenyl)boratei, the careful selection 
of a non-coordinating solvent, which nevertheless dissolves educts and product, was of 
crucial importance. Only with arenes as weak EPD solvents, bulky substituents around 
the silicon atom, and a weak nucleophilic anion, was the synthesis of (Mes^Sr 
(F 5 C«) 4 B- in solution possible (338). 

The reaction enthalpies, AH, for the formation of strong EPD/EPA complexes 
often used as a measure of the bond energies, lie between -42 and -188 kJ/mol (-10 to 
••••45 kcal/mol) |59|. n-EPD/e-EPA complexes are particular members of this group (e.g. 

EbO BP-?, AH ==== - 50 kJ/mol or 11.9 kcal/mol [60]). For weak complexes, AH is 

usually larger than the dispersion energies but smaller than about 42 k.l/mol (1.0 kcal/ 
mol) 159!. jr-EPD/jr-EPA complexes between neutral molecules are examples (~AH - 
0 . . . 21 kJ/mol or 0... 5 kcal/mol}, e.g. benzene/l,3,5-tnnitrobenzene (AH •••• -8 kJ/mol 
or -1.9 kcal/mol (57j). 

No general agreement exists as to the relative importance of the different inter- 
molecular forces in making up the EPD/EPA complexes. According to Mullikens VB 
description of weak EPD/EPA complexes, the electronic ground state can be considered 
as a hybrid of two limiting structures (a) and (/?} in Fig. 2-5. 

The non-ionic structure (a) represents a state without any donor-acceptor inter- 
actions, in which only non-specific intermodular forces hold D and A together. The 
mesomeric structure (/>) characterizes a state in which an ionic bond has been formed by 

* The fundamental difference between this .EPD/EPA bonding interaction and a normal chemical 
bond is that in an ordinary chemical bond each atom supplies one electron to the bond, whereas in 
EPD/EPA bonding one molecule (the donor) supplies the pair of electrons, while the second mole- 
cule (the acceptor! provides the vacant molecular orbital. 
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D * A 5=5= (0 -A — D®-A Q ) * {D-A — D^-A e ) 

Fig. 2-5. Formation and optical excitation of an EPD/EPA complex between, donor D and 
acceptor A (the predominating mesomeric structure in the ground and excited states is underlined). 

transfer of an electron from D to A. This electron transfer will be easier the lower the 
ionization potential of the donor [61 , 63], and the higher the electron affinity of the 
acceptor 162. 63], The ionic limiting structure (b) is relatively energy-rich and contributes 
only slightly to the ground state. Nevertheless, this small contribution is sufficient in 
establishing an extra bonding interaction m addition to the non-specific van der Waals 
forces. However, subsequent investigations showed that these charge-transfer forces 
are weaker than was previously believed, and that the classical van der Waals forces 
(including electrostatic forces) suffice in explaining the stabilities of EPD/EPA com- 
plexes [59, 64, 198], The relative importance of contributions from the electrostatic and 
charge-transfer forces in the ground state of EPD/EPA complexes has been studied by 
many authors. For a review, see reference {'.183; Vol. 1, p. 6rf,L ft seems that both elec- 
trostatic and charge-transfer interactions are important in the ground state of EPD/EPA 
complexes. Their relative contribution, however, varies widely in different EPD/EPA 
complexes {183}. 

Another description of EPD/EPA interactions, part.icula.rly useful for strong 
complexes, is based on the coordinative interaction between Lewis bases or nocleophiies 
{as EPD) and Lewis acids or electrophiles (as EPA) [53, 58]. The- rnterarolecular bonding 
is seen not as a hybrid of electrostatic and charge-transfer forces, but as one of electro- 
static and eovaient. ones. The interaction of the acceptor A with the electron pair of the 
donor D is a result of an overlap of the orbttals of the two molecules; consequently, a 
finite electron density is created between the two partners according to Eq. (2-9). 

D= * A D € '-A e (2-9) 

Hence, the structure D' 3 A 0 is a eovaient one and the EPD/EPA interaction 

between D and A can be described as a Lewis acid/base interaction [65]. 

Of the solvents, aromatic and oletinic hydrocarbons are r-donors (,t~E.PD): alco- 
hols, ethers, amines, carboxamides, nitriles, ketones, sulfoxides and N- and P-oxides are 
n-donors (w-HPD). and haloalkanes are (x-donors (<r-EPD). Boron and. antimony triha- 
lides are acceptor solvents ({■-EPA}, as are halogens and mixed halogens (<7-EPA), and 
liquid sulfur dioxide (jr-EPA). In principle, all solvents are amphoteric in this respect, i.e. 
they may act as a donor (nucleophiie) and an acceptor (electrophite) simultaneously. For 
example, water can act as a donor (by means of the oxygen atom) as well as as an 
acceptor (by forming hydrogen bonds). This is one of the reasons for the exceptional 
importance of water as a solvent. 

n-Donor solvents are particularly important for the solvation of cations. Exam- 
ples are hexamethylphosphork triamide, pyridine, dimethyl sulfoxide, A f s A f -dimethyl- 
forra amide, acetone, methanol, and water. Their specific EPD properties make them 
excellent cation solvators. and they are. therefore, good solvents- for salts. They are 
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also known as coordinating solvents [66]. The majority of inorganic reactions are carried 
out in coordinating solvents. 

An empirical semiquantitative measure of the nudeophilic properties of EPD sol- 
vents is provided by the so-called donor number DM (or (tonicity) of Guimann [53, 67] 
(ef. also Section 7.2), This donor number has been defined as the negative AH values for 
1:1 adduct formation between antimony pentachioride and electron-pair donor solvents 
(D) in dilute solution in the non-coordinating solvent 1,2-dichloroethane. according to 
Eq. (2-10)*> 

rsom lemn, © © 

D; + SbCg , — D — SbCu f2-10) 

• in CI-CHjCHj-C! k 

Solvent Donor Number DN - ---A/Yr>.$bCi</(kcai mol"' 5 ) 

The linear relationship between -Alio sbci- and the logarithm of the corre- 
sponding equilibrium constant (Ig AV st-aJ shows that the entropy contributions are 
equal for all the studied acceptor/donor solvent reactions. Therefore, one is justified in 
considering the donor numbers as semiquantitative expressions for the degree of coor- 
dination interaction between EPD solvents and antimony pentachioride. Antimony 
pentachioride is regarded as an acceptor on the borderline between hard and soft Lewis 
acids, A list of organic solvents ordered according to increasing donicity is given in 
Table 2-3. From this it is seen that, for example, nttromefhane and acetonitrtie are weak 
donor solvents, whereas dimethyl sulfoxide and trtethyiamine are very strong donors. 
The higher the donor number, the stronger the interaction between solvent and acceptor. 

Unfortunately, donor numbers have been defined in the non-Si unit kcal - mol" 1 . 
Marcus has presented a scale of dimension less, normalized donor numbers /># N , which 
are defined according to DM H ~ DiV/(38.8 kcal • mol"' 1 ) 12001. The non-donor solvent 
1,2-dichloroethane (DN ~ ON™ ~ 0.0) and the strong donor solvent hexamethyi- 
phosphoric triamide (HMPT: DN = 38.8 kcal • mol" 1 ; DN H = 1.0) have been used to 
define the scale. Although solvents with higher donicity than HMPT are known (cf. 
Table 2-3), it is expedient to choose the solvent with the highest directly [i.e. ealori- 
metricaily) determined DN value so far as the second reference solvent [200!**'. The 
DN* values are included in Table 2-3. 

A visual estimate of the different donicities of EPD solvents can easily be made 
using the colour reaction with copper(H), niekel(li), or vanadyl(IV) complexes as 
acceptor solutes [204]. 

The donor number has proven very useful in coordination chemistry, since it can 
be correlated with other physical observables for such reactions, e.g. thermodynamic 

* An analogous approach was first used by Lmdqvist und Zaeknsson |67aL The authors estab- 
lished a scries of EPD solvents calorimeiriealiy, based on their increasing donor capacities rela- 
tive to a standard acceptor (SbCL or SnCU) with which the given donor was combined in L2- 
dichloroethane. 

** The donor number of 38.8 kcal • mol ' for HMPT was given by Gulm&nn \67\, It should be 
mentioned, however, that a much higher DM value of 50 A keai • roof"' was subsequently measured 
for this solvent by Bollinger et al. [214\. Tins shows that serious problems arise in measuring the 
Lewis basicity of this EPD solvent towards ShCh, 
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Table 2-3. Donor numbers (tonicities} D;V[199. 200, 




:tnd normalized DS n 


< values 


[200[ of a selection of thirty -six organic EPD solvent; 




flonmetncalb if) dilute i 2- 


dichloroethane solutions at room temperature and valid for isolated EPD solvent molecule 


s w . 


Solvents 


/':v,'; kedi 






1.,2-Diehloroethaiie ; /v/.:- ranee solvent i 


(.1.0-* 




0.09* 


s . nef.h ix 






0.07 


Nitrobenzene 


4.4 




0.11 


Acetic anhydride 


10.5 




0.27 


Cy a n oben ze n e . Ben zon ! t n ie 


13.9 




0.31 


Ethanemtnle, Acctonitnie 


14.1 




0.36 


i.etra t 't |t!k fK 1 1 <Iio:<k!( Sulh 1 


14. 8 




0.38 


1 .4-Dioxane 


14.8 




0.38 


4-Methyl~l J-dioxol-2-one, Propylene carbonate 


15.1 




0.30 


(Cyanomethyl}beo/.cnc. Henzyicyanide 


15.1 




0 30 


2-Methylpropaneniti'iie. FButammitrile 


15.4 




0.40 


Diethyl carbonate 


16.0 




0.41 


Propanetiilrile 


16.1 




0.41 


Methyl acetate 

1 3-Dioxol-2-one, Ethylene carbonate 


16,3 




0.42 


16.4 




0.42 


Buianemtnle 


1 6.6 




0.43 


3 ; ,3-Diraethyf-2-bt3tanone. /-Butyl methyl ketone 


17.0 




0.44 


Acetone 


17.0 




0.44 


Ethyl acetate 


17.1 




0.44 


3-MethyF2-butanon&. Methyl (-propyl ketone 


17,1 




0.44 


2-Butartone 


17,4 




045 


Diethyl ether 


19.2 




0.49 


I'ettahydroHmm 


20.0 




0.52 


Trimethyl phosphate 


23.0 




0.59 


Trt-tt-but yt phosphate 






0.61 


AFV-Dimetbyttonriamide 


26.6 




0.69 


l-Methylpyrrolidin-2-one 






0.70 


;V;/V-Dimethy!acetatwide 


27.8 




0.72 


'rc1.taniethyh.irea 


29.6 




0.76 


Dimethyl sulfoxide 


29.8 




0.77 


N.N'-D ie ihylfonmuu ide 


30,9 




0.80 


Aa/V-Dielhytacetamide 


32,2 




0.83 


Pyridine 


33.3 




0.85 


Hexamethylphosphoric triamide 


38.8 




1.00 s '' 


Triethylamine 


6E0 




1.57 



* j A compilation of 170 resp. 134 ZEV-values taken from di fie rent sources can he found in refer- 
ences 1200. 3391. Further 1.4 DM values, determined indirectly from the t H NMR shift of chloro- 
form, are given in reference [293}. 

w As (he basic donor numbers were measured in an inert diluent, they reflect the donicity of the 
isolated EPD solvent molecules. In neat., associated EPD solvents an increase in the donicity should 
occur [1991. For such highly-structured solvents (f g waters alcohols amines; the term hulk donicity 
has been introduced 12011 in order to rationalize the deviation? ol these solvents m plots of ~'.Na^' 
NMR shifts [2021 and BS.R parameters [2031 vs. the donor numbers. Because of the great discrep- 
ancies which exist between die />AE ;: ;k values given in the literature they are not included in this 
table t-o) a ci>llec!icn oi bull domtitivs f>\, k see rekteixe ZOit E.blell 
c: For the definition of DN of. Eq. (2-10). For conversion into SI units: 1 kcal - mol" 1 ::: 4.184 
kJ • mol F 

ii! DN K ------ .DA'7(38.8 kcal -mol"') [200]; DN ----- 38.8 kcal - mol for hexamethylphosphoric tri- 
amide as reference solvent. 
,:> Zero by definition. 
° Unity by definition [20U[, 
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(AG or K), kinetic (rates), electrochemical (polarographic half-wave and redox poten- 
tials), and spectroscopic data (chemical shifts of NMR signals) (53, 67-69, 205-2071. 

The donor number approach has been criticized for conceptual [2081 and experi- 
mental reasons 1200. 209 212]. For this and other reasons, other Lewis basicity param- 
eters have been sought. 

Another remarkable Lewis basicity scale for 75 non-HBD solvents has been 
established by Gal and Maria [21 1, 2121, This involved very precise calo.rhnet.ric meas- 
urements of the standard molar enthalpies of 1:1 addnct formation of EPD solvents 
with gaseous boron tri fluoride, A// D B!V in dilute diehl.oromet.hane solution at 25 :> C, 
according to Eq. (2-1 0a). 

o- * B f 3 . ?s L o — If, (2-1 Oa) 

t* CH,Ci f J 

A selection of AH^_ lw . values is given in Table 2-4. This new Lewis basicity scale is 
more comprehensive and seems to be more reliable than the donor number scale. A 
comparison of various Lewis basicity scales has been given by Persson [301 j. 

Persson, Saudstrom, and Goggin have proposed an empirical solvent scale, called 
the Ds scale, ranking the donor strength of 64 EPD solvents towards a soft acceptor 



Table 2-4. Molar enthalpies of complex formation between boron tnftuoride and several mm-HBD 
solvents, determined in dichloromethane at 25 ~C, according to Eq. (2- 10a) 1211, 212). 



Solvents 


-A//^.. IU>J /(kJ.tnol~ , r 


Dichloromethane 


10.0 


Nitrobenzene 


35.79 


Nitromethane 


37.63 


Tetrah vdrothiophene- 1 . 1 -dioxide 


53.32 


Acetonitrile 


60.39 


Propylene carbonate 


64.19 


3-Pentanone 


72.28 


1,4-Dioxanc 


74.09 


Ethyl acetate 


75.55 


Acetone 


76.(13 


Di-i-propyl ether 


76.61 


Diethyl ether 


78.77 


Tetrah vdrofuran 


9040 


L3-Dimethvlimida/.oltdin-2-one. DMfcU 


98.93 


Dimethyl sulfoxide 


105.34 


N.N.N' Af'-Tctramcthyturea 


108.62 


AoV-Diraethyiformamide 


1 10.49 


3 4 5 d-ldohyii.v] 'vi.i -o : - I ! . //}-one DMPU 


11243 


l-Methyipyrrolidiiv2-one 


112.56 


Hexamethylphosphorie th amide 


117.53 


] n pyuol • j I »pb trie oxide 


122,52 


Pyridine 


128.08 


'Triethylamine 


135,87 


l-Methylpyrroiidme 


139.51 



' ,1 See reference 12121 for a set of 75 \// r , ls] values. At present, \//,. . .. values for at. 350 
organic EPD compounds, are known (J.-F. Gal and P.-C. Maria, private communication}. 
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such as mercury! IT) bromide j303j. The D$ values correspond to the Raman wave- 
number shift of the symmetric IR stretching vibration on going from the gas phase to a 
solution of HgBr?. Further measurements of Av(Hg — Br) of HgBr? ant! the relation- 
ships between the corresponding Ik values and other soft EPD solvent parameters 
can be fount! m reference 5 In Vi> a klh i Da , tie ol donot strength towards hard 
acceptors {e.g. Na®) has been derived for 24 EPD solvents [303). 

An analogous empirical quantity for characterizing the electrophilic properties of 
EPA solvents has been derived by Gutmann and coworkers from the 35 P NMR chemi- 
cal shifts produced by the electrophilic actions of acceptor solvents A in triethylphos- 
phane oxide, according to Eq. (2-11) (cf. also Section 7.4) [70, 199, 207, 213]. 



{ E i 3 P:0 Et 3 P^01 * A s=± Et 3 P^G~A (2-11) 

AN » 0 ^^^£^ fi;;J . IW .... A4„ . 2.348/ppn 

These quantities have been termed acceptor number AN (or accepuviiy) and they 
were obtained from the relative M P NMR chemical shift values o c>!)T {/?-hexane as refer- 
ence solvent) with respect to that of the 1:1 adduct Et$PO — SbCIs dissolved in 1,2- 
diehioroethane, which has been arbitrarily taken to have the value of 100. The acceptor 
numbers are dimensioniess numbers expressing the acceptor property of a given solvent 
relative to those of SbCh, which is also the reference compound for assessing the donor 
numbers. A compilation of organic solvents in order of increasing acceptor number is 
given in Table 2-5. 

Acceptor numbers are less than 10 for nonpolar non-HBD solvents, they vary 
between about 10. . -20 for dipolar non-HBD solvents, and they cover a wide range of 
about 25... 105 for protic solvents (cf Table 2-5). Surprisingly;, benzene and tetra- 
ehlororaethane have stronger electrophilic properties than diethyl ether and tetrahy- 
drofuran. Acceptor numbers are also known for binary solvent mixtures 170. 213]. 

Using the neutral Fe(H) complex [Fe(phenb(CN'.bj 5 die different Lewis acidities 
of EPA solvents can easily be visualized by its colour change: solutions of this Fe(Il) 
complex are blue in HMFF, violet in dichlororaethane, red in ethanol, and yellow in 
trifluoroacetic acid [204]. 

Another approach to the estimation of EPD /EPA interactions between a Lewis 
acid A and a Lewis base B was given, by Drago [71 j. Drago proposed the four-parameter 
Eq, (2-12) to correlate the standard enthalpy of the reaction of an acceptor A with 
a donor B to give a neutral 1:1 adduct in an inert solvent (tetrachiorome thane or «- 
hexane). 

~A// AB /(kJ ■ tool- 1 ) - E A • £ 8 4- C A • Q (2-12) 

E A and C A are empirical acceptor parameters and E% and Cj$ are empirical donor 
parameters. The E parameters are measures of the tendency of an acid or a base to 
participate in electrostatic interactions, while the C parameters are measures of their 
tendency to form covalem bonds. 
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] abk 2 s \ i pd iti iN [70, 21 1 of torn t! \ \<ahuin 

determined :,, P-NMR spectroscopicaity at 25 



Solvents AN* 



n-Hexane (reference solvent) 


0.0 


Tnethylaminc 


1.4 


Diethyl ether 


3.9 


Tctrahydfofurat! 


S.O 


Benzene 


8.2 


Tctniehloroniethane 


8.6 


Ethyl acetate 


9.3 


Dteth; i < nine 


9.4 


Hexamctlniphosphoric acid triamide 


9.S 


Tti-n- butyl phosphate 


9.9 


Diethyicnc glycol dimethyl ether 


9.9 


! ,2-Dimethaxyethane 


10.2 


Methyl acetate 


10.7 


1 ,4-Dioxane 


10.8 


Acetone 


12.5 


l-Methylpyrrolidia-2-ooe 


13.3 


A- , .■ Y-D i me th y i a ce t a ni i J e 


13.6 


Pyridine 


14.2 


Nitrobenzene 


14.8 


Cyanohertzene 


15.5 


;V.-¥-Dimt-lbylformamide 


16.0 


Trimethyl phosphate 


16.3 


E2-Diehloroetha:ne 


16,7 


4-Butyrotactone 


173 


Morpholine 


17.5 


4-Methyi- J ,3-dioxo! -2-one, Propylene carbonate 


18.3 


A.AVDimethylthkfformamide 


18.8 


E lha nen i t ri le. Acetoni i ni e 


18.9 


Tefrahydrothiophene- 1 , 1 -dioxide, Sulfolane 


19.2 


Dimethyl sulfoxide 


19.3 


Dtcbiororncibane 


20.4 


Nstromethatie 


20.5 


E24>iam.inoethane 


20.9 


Chloroform 


23.1 


2-Met;hyl-2-pro[>anol. f-Butanol 


27.1 


A'-Methvlforrnainide 


32.1 


1-Butanol 


32.2 


2-Propanot 


33.5 


i -Propartol 


33.7 


2-Ammoetbanol 


33.7 


Ethanol 


37.1 


Formamide 


39.8 


Methanol 


43.5 


Acetic acid 


52.9 


2,2,2-Trifluoroetha.noi 


53.8 


Water 


54.8 


Formic acid 


83.6 


Et iPO • SbCly in I J-dichkrmethane ax reference 


100.0 


compound 




Tnfiuoroacetic acid 


105.3 



For the definition of AN, see Eq. (2-11). AH 8 values have been extrapolated to zero concentra- 
tion and corrected for differences in volume susceptibilities. 
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Fable 2-6. Some 


£ and C p; 


uameters expr< 






l.o D ratio 


Lewis acids £ A C A Lewis bases E B C B 














BP? i«! 


9.88 


1.62 


C )i V.K «. 


1.34 


2.85 


a h» c huh 


5,93 


0.62 


i. !•: CON U) • 


/J2 e) 


2.58 


g.h oh 


4.33 


0.42 


C<H,N 


LI? 


6.40 


CFiClLOH 


3.88 


0.45 


CHd-WML 


0,975 


1.74 


CH.Ch 


3.02 


0.16 


CH,CX>CH» 


0.94 


2.33 


{CH,)»C OH. 


.2.04 


0.30 


(CfH^LO 


0.94 


3.25 


H 2 0 


1.64 


0 57 


CH,CN 


0.89 


1.34 


Is 


1.80* 


1.00* 


{GH<L$ 


0.34 


7.4(?> 


so. 


0.92 


0.S1 


Qlis 


0.28 


0.59 


rt For a more co 


mptete list se« 


: references [7i, 


215,217!. 







Corrected values; sec reference |217| 
Used to define die L/C scale. 



The original set of E and C parameters was determined mainly with the help of 
enthalpies of adduct formation of iodine and phenol as acceptors with alkylamines as 
donors. Subsequently, the best set of £ and C parameters has been obtained by com- 
puter optimization of a large data base of enthalpies and four arbitrarily fixed reference 
values [71, 2151: E* - C,\ ~ 1 for iodine, E B — 1-32 for JV,/V-dimethyiacetamide, and 
Q) = 7.40 for diethyl suifane. Table 2-6 gives a selection of £ and C parameters for 
Lewis acids and bases commonly used as solvents. 

On the basis of these parameters, it is possible to predict the enthalpies of Lewis 
acid/base reactions, even those reactions which might be inaccessible experimentally, 
with remarkable accuracy (within ±0.8 k.1 • mol ."') (21.6). 

Drago's EjC analysis and Gtumann's donor/acceptor approach [53, 67] have been 
compared (200, 217, 218), Eq. (2-12) has been extended for specific and nonspecific 
interactions between solutes and polar solvents [219]. Various Lewis acidity and basicity 
scales for polar solvents have been examined and compared by Fawcett, who concluded 
that the donor/acceptor scales of Gutmann seem to be the most appropriate [341]. 

Finally, an attempt was made to establish a measure of the electron-donating and 
electron-acct img powei of organic solvents by means of infrared [72, 73] and 'H NMR 
measurements [73|. Further empirical Lewis acid and base parameters will be discussed 
in Chapters 7.2... 7.5. A thorough and critical compilation of empirical solvent scales, 
including Lewis acidity and basicity scales, has recently been made for non-HBD sol- 
vents [342]. 



2.2.7 Sofvophobk Interactions (74-77. 176, 220-2251 

Hydrocarbons have extremely low solubilities in water. Accordingly, the dissolution of a 
hydrocarbon in water is usually associated with an increase in the Gibbs energy G of the 
system (AC? > 0). Since it is known experimentally that the dissolution of a hydrocarbon 
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Fig. 2-6. "1 be formation of a hydrophobic interaction between two hydrocarbon molecules A and B 
(the circles, represent water molecules) [781. 



in water is exothermic (A// < 0) it follows from AO - AH - T - AS that the entropy of 
the system must decrease. This can be interpreted as a consequence of the highly ordered 
structure of the water molecules around the dissolved hydrocarbon molecules. In other 
words., the water molecules are more tightly packed around the dissolved hydrocarbon 
molecules than in pure water. This is called a structure increase. If aqueous solutions of 
two hydrocarbons are mixed, the two hydrocarbons may form an aggregate with simul- 
taneous partial reconstruction of the original undisturbed writer structure. This is shown 
schematically in Fig. 2-6. 

Due to the contact, between A and B, fewer water molecules are now in direct 
contact with the hydrocarbon molecules. Thus, the ordering influence of the hydro- 
phobic molecules will be diminished and the entropy increases (AS > 0). Although 
thermal energy is required for the destrueturmg of the hydration shells around A and B 
(AH > 0), the free energy diminishes upon aggregation (AO' < 0). Therefore, it is ener- 
getically advantageous for apoiar molecules, or apolar groups in otherwise polar mole- 
cules, when dissolved in water, to aggregate with expulsion of water molecules from 
their hydration shells. In order to minimise the unfavourable solute/water interactions, 
the apolar solute molecules (or apolar groups) will interact preferentially., thus reducing 
the number of their water contacts J. 176]. This effect has been called hydrophobic inter- 
action.** The water molecules around an inert apolar solute have a higher coordination 
and are thus more ordered than in the bulk liquid, winch is entropically unfavourable. 
The aggregation of apolar solutes as shown in Fig. 2-6 releases water molecules into the 
bulk water, which b entropically very favourable. 

This hydrophobic interaction can be illustrated by considering the thermodynamic 
parameters for the dissolution of the archetypal apolar hydrocarbon methane in cyclo- 
hexane {an apolar, non-associated solvent) and in water (a polar, strongly self-associated 
solvent); Table 2-7 [225]. 

The unfavorable Gibbs energy (AO/; p 0) for the dissolution of methane in water 
is the result of a strongly negative entropy of solution (AS£ <k 0), which prevails over 

* Glass beads can be used as an illustration of hydrophobia interactions. Thus, glass beads covered 
with dichloro-<limethyktl;:ttie can be regarded as solid hydrocarbon particles Only hydrophobic 
interactions are possible. Tn a structured solvent such as water or fomiamide. the beads cluster 
together. When the polarity of the solvent is decreased by addition of alcohols the clusters disinte- 
grate 179]. 
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Fable 2-7. Thermodynamic parameters for dissolution of gaseous methane m cyclohexane and 
water tit 25 C [225]. 



Solvents 


A(V;/(k.l • mol" J ) 


Am/ikJ mol ! ) 






i . K ... t j 


Water 

Cyclohexane 


14.2 


-13.8 
-3.0 


-132 
-58 







the favorable enthalpic contribution (AJ/* < 0). The negative enthalpy and entropy of 
transfer of .methane from, cyclohexane to water can be interpreted in terms of an 
increased degree of water-water hydrogen, bonding in the solvation shell surrounding the 
apolar solute molecule. 

Generally., the introduction of apolar molecules (such as hydrocarbons or noble 
gases), or apolar residues in otherwise polar molecules (such as alkyl side chains in bio- 
polymers) into water leads to a reduction of the degrees of freedom (spatial, orienta- 
tionai, dynamic) of the neighbouring water molecules. This effect is called the hydro- 
phobic effect or hydrophobic hydration [176]. Hydrophobic means 'water-fearing'. It 
should be noted that the interaction between hydrophobic molecules and water mole- 
cules is actually attractive because of the dispersion interactions. However, the water/ 
water interaction is much more attractive. Water molecules simply love themselves too 
much to let some other compounds get in the way |26bj! Therefore, from the point of 
view of the water molecules, the term "hydrophobic" is rather a. misnomer; it would be 
better to refer to water as being 'lipophobic" . 

This hydrophobic hydration was first postulated by Frank and Evans in 1945. 
They wrote: "The nature of deviation found for non-polar solutes in water leads to the 
idea that the water forms frozen patches or microscopic icebergs around such solute 
molecules. The word 'iceberg* represents a microscopic region, surrounding the solute 
molecule, in which water molecules are tied together in some sort of quasi-solid struc- 
ture" [226]. 

The model of "icebergs" around nonpolar solute molecules in aqueous solution is 
clearly not a very realistic one. However, if solutions of hydrocarbons (or noble gases) 
are cooled, then the solid phase that sometimes separates out consists of a so-called 
gas hydrate (clathrate), in which water provides a particular kind of hydrogen-bonded 
framework containing cages that are occupied by the nonpolar solute molecules. 
Obviously, such gas hydrates (clath rates) represent more realistic models for the phe- 
nomenon of hydrophobic hydration ;176j. 

In principle, such interactions should also apply to other solvents resembling 
water, and therefore the more general term sotvophobk interactions has been proposed 
180. 3431. In fact, analogous water-like behaviour has been observed with self-associated 
solvents other than water, e.g. ethanol 181 L glycerol (82i. ethylammonium nitrate [227], 
and some dipolar non-B BD solvents [228]. 

Although there is overwhelming experimental evidence that, the hydrophobic 
interaction is "entropy-driven", this classical view is still a matter of debate [79a, 167, 
227, 229-231, 343 347], For example, it has been claimed that the major contribution 
to the hydrophobic interaction between the methylene groups of /oalkanes is an 
enthalpic and not an entropic effect. [230], In other words, the poor solubility of non- 
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polar solutes in water should be due to unfavourable enthalpy and not to unfavourable 
entropy (227, 231]. 

Furthermore, what is the real origin of hydrophobicity (or solvophobidty), that is, 
which molecular property of water is primarily responsible for the positive Gibbs energy 
of hydration of nonpoiar solutes and their tendency to associate? The two main physical 
explanations are: 

(a) the high cohesive pressure of water (see Table 3-2 In Section 3,2), caused by the 
strong .hydrogen-bonding interactions compared to the weak interactions between water 
and nonpolar solutes; and/or 

(b) the small size of the water molecules, which increases the en tropic cost of opening 
up a cavity to accommodate the solute. Opening up a cavity for solute molecules is 
ein.ropicai.lv unfavourable in any solvent. However, the small size of water molecules 
exacerbates this situation and gives rise to entropies more negative that in other solvents 
with larger molecule size. 

For a more detailed discussion of these questions, see references [76, 77, 176, 
343-347] and references cited therein. More recent results 1346, 347] have shown 
that the classical view (a) seems to be basically correct. The essential condition for sol- 
vophobidty is that solvent/solvent interactions are much stronger than solute/solvent 
mteiaUioti^ Howevei the solvopho ,f c lot ne< sarib, always an en tropic phe- 
nomenon; it can be enthalpic or entropic depending on the temperature and the geo- 
metrical size of the solute molecules [346], 

Hydrophobic interactions are important in the aggregation of polymethine dyes 
[ 811 and in. the stabilization of particular conformations of polypeptides and proteins in 
aqueous solution [222, 232]. They also play an important role in the biochemical com- 
plexatlon between an enzyme and a substrate 177, 78, 83, 84, 348]. 

Hydrophobicity parameters for organic substituents have been developed by 
Hansen et al. using partitioning phenomena [296], and by Menger et al. using kinetic 
measurements (hydrolysis of long-chain esters) [297): see Section 7.2. Further results 
connected with the presence of hydrophobic interactions in solutions are discussed in 
Sections 2.5 and 5.4.8. 



2,3 Solvation J49, 85-98, 98a, 233-241] 

The terra solvation refers to the surrounding of each dissolved molecule or ion by a shell 
of more or less tightly bound solvent molecules. This solvent shell is the result of inter- 
molecular forces between solute and solvent. For aqueous solutions the term used is 
hydration. Intermodular interactions between solvent molecules and ions are particu- 
larly important in solutions of electrolytes, since ions exert specially strong forces on 
solvent molecules. Crude electrostatic calculations show that the field experienced by 
nearest neighbours of dissolved ions is 10'' . . . ID 7 V/ctn. Fig. 2-7 shows a highly sira- 
p if ed picture ot such an interaction between ions and dipolar solvent molecules. 

The solvation energy is considered as the change in Gibbs energy when an ion or 
molecule is transferred from a vacuum (or the gas phase) into a solvent. The Gibbs 
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Fig. 2-/. Solvation of ions in a solvent consisting of dipolar molecules \\>9\. The charges of the 
dipolar molecules are in fact partial charges S® and SO- 



energy of solvation, AG^, a measure of the solvation ability of a particular solvent, is 
the result of a superim position of four principal components of a different nature [iQO]: 

(a) the cavitation energy associated with the hole that the dissolved molecule or ion 
produces in the solvent: 

(b) the orientation energy corresponding to the phenomenon of partial orientation of 
the dipolar solvent molecules caused by the presence of the soivated molecule or ion 
(cf. Fig. 2-7); 

(c) the isotropic interaction energy corresponding to the unspeeifk inter molecular forces 
with a long radius of activity {i.e. electrostatic, polarisation, and dispersion energy); 

(d) the anisotropic interaction energy resulting from the specific formation of hydrogen 
bonds or electron-pair don or /electron -pair acceptor bonds at well localized points in the 
dissolved molecules. 

The dissolution of a substance requires that not only the interaction energy of the 
solute molecules (for crystals the lattice energy*') be overcome but also the interaction 
energy between the solvent molecules themselves. This is compensated by the gam in 
Gibbs energy of solvation, A(?*,, v . The standard molar Gibbs energy of solvation, 
A<5^, can be formulated as the difference between, the Gibbs energy of solution, A(V;;, ![r 



* the lattt< e en rg\ is tht vu if i quired to separate to iniitihy the elements of the lattice- from their 
equilibrium position at 0 K. For ionic lattices of the alkali halides it is of the order 628... 837 kJ/ 
moi l~tf :t)0 Uil n ! 49 hi] noixohr I tt.ti — t i uk mp u uK su Ji ?s Ivn.eie 
naphthalene, and anthracene it is of the order 42... 105 kJ/moi ( 10 ... 25 kcal/raot) [101]. The 
experimental heat of sublimation of benzene is 44.6 kJ/mol (10.7 kcal/raoi) [102]. 
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Fig. 2-8. The relationship 
between standard molar 
Gibbs energies of 
solvation and solution and 
the crystal lattice energy ol 
uniora fhor, A B 



and the crystal lattice energy, &G' hn . as shown by means of the customary Born-Baber 
cycle in Fig. 2-8. 

If the liberated so) va lion energy is higher than the lattice energy, then ihe overall 
process of dissolution is exothermic. In the opposite ca.se the system uses energy and the 
dissolution is endotherroic. The values for 'Nad are typical: lattice energy 4-766 kJ/mol, 
hydration energy -761 kJ/mol, and energy of solution 4-3.8 kJ/mol. The energies of 
solution are generally small because interaction within the crystal lattice is energetically 
similar to interaction with the solvent. 

The Gibbs energies of solvation of individual ions cannot be directly measured 
but they can be calculated [491 The Gibbs energies of hydration of some representative 
ions are collected in Table 2-8. It can be seen that these values can be as high as bond 
energies or even higher (209 . . . 628 kJ/raol; 50 . . . 150 kcal/mol). Consequently, the sol- 
vent is often considered a direct reaction partner and should really be included in the 
reaction, equation. The isolation of numerous solvates such as hydrates, alcoholates. 
etherates, and ammoniates, especially of inorganic or organometallic compounds, are 
examples. Between the two extremes, viz. the simple solvation resulting from weak 



Table 2-8 Standa rd molar Gibbs. encrgK-s. ol' hydration. ;\GL., r . of s.ome rcprewrntalivc single .ions 
at 25 J C [241, 242 j* \ 



Cations 


AG^J{kJ • mob') 


Anions 


AG^,, r /(kJT- mob 1 } 


H® 


■1056 


p3 


... 472 


Li® 


-481 


Cl s 


-347 


Na & 




Br ~ 


-321 


K® 


-304 


i® 


-283 


Me 


-1838 


no 


-439 


Ab'^- 


-4531 


sof e 


-10'X) 



t C. M. 
c Data- I 



Saio- 



iss and M, 
A. K Covington 
Press, London & 



Jl For a comprehensive c anj bit t oi C/ibi energies ol solv; 

M I Ik i 

and T. Dickinson iecls.e Physical Chemistry of Oraatik Sohsen 
New York 1973, p. 253 IT. - C'f, also D, W. Smith: tonic Uy<lraiion Enthalpies, 3. Chem. Educ. 54 
540 l l) \ crili tl selecnon of standard molai beat capacities ol hydration \ ( 

i'J K ""' • moi 1 ; of single ions has been given by M. H. Abraham and Y. Marcus. .1 Chem. Soc. 
Faradav Trans. T 82. 3255 (19S61. 
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intermolecular interactions, and the bona fide chemical modification of the substrate by 
the solvent, all other possibilities exist. 

The most direct measure of the energetics of ion solvation is. without, doubt, their 
standard molar Gibbs energy of solvation, i.e. transfer from the gas phase to the solvent 
icf. Fig. 2-8). However, this quantity is generally unknown, particularly for ions in 
nonaqueous solvents. Therefore, AG^ is advantageously replaced by the standard 
molar Gibbs energy of transfer of the ion X from water, W, as reference solvent, to 
another solvent, S, AGf(X, W S>, as defined by Eq. (2-1 2a): 

AG*(X, W S) - /4 (in S) - (in W) — R ■ T ■ ln w yf (242a) 

fix is the standard {i.e. infinite dilution) chemical potential of X and w y§ the so-called 
solvent-transfer activity coefficient of X. 

In order to obtain the AG, (X.W -» S) of individual ions from experimental data 
on complete electrolytes, the extrathermodynamic assumption that A6f(Ph4As^, 
W ^ Sj - AGi (Ph 4 B©,W -* S) for all solvents has been made, using Ph 4 As®Ph 4 B c > 
as reference electrolyte (Ph. QHj). This seems reasonable because the large sym- 
metrical ions of tetraphenylarsonitun tetraphenylborate are of comparable size, struc- 
ture, and charge, and are, therefore, similarly sol va ted on transfer from one solvent to 
another, Arguments in favour of and against this extrathermodynamic assumption have 
been reviewed [235, 241, 243, 244 

Experimentally, the molar Gibbs energy of transfer of an anion X e is obtained 
from the combined results of four solubility measurements, namely of the salts 
Ph,.sAs e Ph4S e and Ph,jAs e X e in water, W, and of the same salts in the solvent S. The 
Gibbs energy of transfer is then: 

AG; ; (X e , W - S) ^ R ■ T[2 ■ In ^PrMAsX-.W) -2 -In *(Ph 4 AsX. S) 

•f In ,v(Ph 4 AsPh 4 B ! S) - In A<Ph 4 AsPh 4 B, W)j (242b) 

where s is the solubility, expressed on the molar scale (mol ■ 1"'). 

Table 2-9 collects selected values of AG, (X/W ■■■■> S) obtained on this basis, taken 
from the extensive and critically evaluated compilations of Marcus [244, 349) and 
Gritzner [350]. A nice graphical representation of the changes in AG,', MI. and A.'\ for 



* Analogously, jbe following cs tral henncxiynam te "reference electrolyse" assumptions arc widely 
used: 

A/^(Ph,As ;v . W S) - A ff: { Ph., B s , W -> S) , 

and sin n lady 

AS*{Ph 4 As® f W S) - AS«(Ph 4 B e ,W S), 

for the transfer from water to all solvents at any temperature 11244]. This is equivalent to assuming 
that the m< I ft it \ W S at a given reference temperature (usually 

298.15 K) is valid for ail temperatures 1244]. 
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the transfer of univalent single ions from water to other solvents has been given by 
Persson [301]. See Section 5.5.3 for further discussions. 

The following three aspects are also of importance in solvation: the stoichiometry 
of the solvate complexes (normally described by the coordination or solvation number), 
the lability of the solvate complexes (usually described by the rate of exchange of the 
molecules of the solvent shell with those of the bulk solvent), as well as the fine structure 
of the solvation shell (for water often described by the simple model of ion solvation of 
Frank and Wen 116]). 

Coordination and solvation numbers reflect the simple idea that the solvation of 
ions or molecules consists of a coordination of solute and solvent molecules. The coor- 
dination number is defined as the number of solvent molecules in the first coordination 
sphere of an ion in solution [103]. This first coordination sphere is composed only of 
solvent molecules in contact with or in bonding distance of the ion such that no other 
solvent molecules are interposed between them and the ton. This kind of solvation 
is sometimes termed primary or chemical solvation. Coordination numbers, determined 
by different experimental techniques [103]. range in water from approx. 4 for Be 2e to 
approx, 9 for Th 4s , although the majority of the values are close to 6 {e.g. for Al 3 ®). 

The solmtkm number is defined as the number of solvent molecules per ion which 
remain attached to a given ion long enough to experience its translations! .movements 
[94. 97. 104]. The solvation number depends upon the reference ion and its assumed 
solvation number as well as upon the method of measurement. Depending on the 
method of measurement, solvent molecules loosely bound in the second or in a higher 
sphere may be included. The partial ordering of more distant solvent molecules beyond 
the primary solvation shell is termed secondary or physical solvation. For example, 
mobility measurements indicate the number of solvent molecules moving with the ion, 
while dielectric measurements indicate only the number of solvent molecules in the first 
sphere. The solvation number of Li® in water, determined using different electrolytic 
transference methods, varies therefore between 5 and .23. An inspection of the solvation 
numbers measured by electrolytic transport methods shows that the order of hydration 
numbers of the alkali metal cations is: Li® > Na® > K® > Rb e > Cs ;i \ The alkaline 
earth metal cations are more highly soivated than the alkali cations \k < a 
Si Ba i The more dilute the solution the greater the solvation of a given ion. 
The halogen anions are hydrated in the order F® > CT'''' > Br''-' > 1®. Therefore, as a 
rule it can be stated that the smaller the ion and the greater its charge, the more highly it 
is soivated [94, 97, 104]. Conductance data show, that the solvation number for a given 
ion varies strongly with the solvent. Thus, the solvation number of Li* varies from 1.4 
in sulfolane, 7 in methanol. 9 in acetonimle to 21 in water. The conductance data also 
indicate that in all organic solvents used, the solvation of the alkali metal cations is in 
the order: Li® > Na® > K® > Rb^ > Cs®. The order of solvation of the halogen 
anions in the organic solvents studied is, in general, CI® > Bt > f ; [94, 97, 104], 

Even in the case of strong interactions between solvent and solute, the life time of 
each solvate is brief since there is continuous rotation or exchange of the solvent shell 
molecules. The time required for reorientation of hydrates in water is of the order 
10" 10 . . . 10~ fl s at 25 *C [911 if the exchange between bulk solvent molecules and those 
in the inner solvation shell of an ion is slower than the NMR time scale, then it is pos- 
sible to observe two different resonance signals for the tree and bound solvent, in this 
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way, it has been shown, using n O N'MR spectroscopy, that the hexaaquo hydration 
spheres of Al 3 ® and Cr ? ®, and the four water molecules bound by Be 2 ® exchange at a 
rate of less than I0 4 /s, while those of the alkali metal cations exchange at a rate faster 
than ?0 4 /s [96, 105]. 

in general, since solvent molecules directly bound to an ion have different chemi- 
cal shifts from those of the bulk solvent, NMR spectroscopy is a very useful method for 
studying solvation shells i 106 1 Hj. If the exchange rates are too high, however, the 
NMR signals coalesce to a single time-averaged resonance signal. It is usually assumed 
that solvent molecules in environments other than the first coordination sphere are 
exchanging at diffusion-controlled rates and therefore appear in the environmentally 
averaged bulk solvent resonance. A variety of different solvent nuclei have been used for 
this purpose: ! H, J 'C, i? 0, and ' f P. As an example, the J H NMR spectrum of 2,1 m 
aqueous solution of AUNO.^ at 40 C shows two signals [112]. The low-field signal 
arises from the coordinated solvent, and the high-field resonance from the bulk solvent. 
Two U C NMR signals are also observed for aqueous dimethyl sulfoxide containing 
AlCb at 30 °C, one for the bulk and one for the bound solvent (1.94 ppm upheld) [1. 1 3]. 

The l B NMR spectrum of an aqueous AUGO^ solution in iD<, [acetone shows 
nicely the two different signals of bulk water and hydration water in the A! 39 inner 
shell, even at room temperature [245]. The addition of acetone slows down the proton 
exchange rate, A primary hydration number of six for Al 3<i ' has been obtained in this 
way [245j. 

Another approach to the study of ion-solvent interactions involves the determi- 
nation of the solvent effect on the resonance frequency of the solute ion, using nuclei of 
spin / * 0 such as 7 Li, -Na, 27 A\, 55 CI. »Ca ' & *Ga.* m Cs, 195 Pt, and ~ 05 TI j 106- III, 
II la, 246, 247, 294], m T\® is an exceptionally sensitive ion [294L to going from, water 
to pyridine the change in resonance frequency is approximately 782 ppm (!) 11141. to 
comparison, the change in chemical shift for B Na s in these two solvents is only about 
1.3 ppm [115]. Therefore. ?05 TP and other ions are very useful probes for the study of 
solvation and solvent structure. The greater the Lewis basicity of the solvent, the higher 
the resonance frequency of the ~ 05 T1® ion. The increase in resonance frequency with 
increasing solvent Lewis basicity can be considered as a measure of the strength, of 
interaction between the solute ion and. solvent molecules [294]. 

Other spectroscopic methods have also been used to study the statics and dynam- 
ics of solvation shells of ions and molecules [351-354]. In this respect, solvation dynamics 
refers to the solvent reorganization (e.g. rotation, reorientation, and residence time of 
solvent molecules in the first solvation shell) in response to an abrupt change in the sol- 
ute properties, e.g. by photoexcitation of the solute with ultra-short laser-light pulses. 
Provided that this excitation is accompanied by an electron transfer or a change in the 
dipole moment, then the dynamics of this process correspond to how quickly the solvent 
molecules rearrange around the instantaneously created charge or the new dipole. 

A number of models have been developed to describe the fine structure of the 
solvent shells of tons and molecules. While the agreement with experimental findings is 
more or less satisfactory, it is for the most part only qualitative (for reviews, see refer- 
ences [85, 91, 94. 95, 981). According to the influence of the solute on the solvent struc- 
ture, two different types of solvent can be distinguished ( Fig. 2-9) 198]. in the former 
case, the pure solvent does not show a high degree of order. The directional properties of 
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Fig, 2-9. Schematic muHizone models for ion solvation in solvents: (a) with tow degree of order 
such as hydrocarbons, consisting of solvation shell A and disordered bulk solvent 8 |98J; (b; in 
highly ordered solvents such as water, consisting of solvation shell A with immobilized solvent 
molecules, followed bv u structure-broken region B, and the ordered bulk solvent C f Frank and 
Wen |16j), 

the dissolved ion dominate in a rather large region around the center and decrease 
gradually on proceeding into the unperturbed bulk solvent. The solution consists of an 
ordered sphere - the primary solvation shell A - and the disordered bulk solvent. B (Fig, 
2-9a) 198]. 

In the latter case, the solvent possesses a highly ordered structure such as that 
found in water. Frank and Wen Ufa distinguish between three different regions in the 
solvent, surrounding a solute. In the first coordination sphere A, the solvent molecules 
are strongly bound to the ion and therefore appear less mobile than the molecules in the 
bulk solvent. At some distance from the ion there exists the normal structure of the pure 
ordered solvent C. Between A and C, according to Frank and Wen [16], lies an inter- 
mediate region of disorder B, with highly mobile solvent molecules. This has been 
introduced in order to explain the "structure making" and "structure breaking"' prop- 
erties of ions of different charge and size in aqueous solutions. The concept of different 
regions around the dissolved ion was developed by Gurney !!!(>], who introduced the 
term cosphere for the zone surrounding a spherical ion in which significant differences 
in structure and properties of solvent molecules are to be expected* 1 . In contrast to the 
ordinary strong positive hydration of small spherical ions possessing a structure-making 
effect on the solvent molecules (cf. Fig. 2-9a), water molecules around a dissolved ion 
are in some cases more mobile than in pure water. In other words, the exchange fre- 
quency of water molecules around the ions is greater than in regions of pure water (cf. 
region B in Fig. 2-9b). This explains the experimental observation that aqueous solu- 
tions of certain salts such as potassium iodide show a greater fluidity than pure water at 
the same temperature. This effect has been called negative hydration [85] and it is con- 

* in a liquid, the formation of temporary solvent molecule groups which have some crystalline 
character has been called eyboiaxis (Greek, xvfkvvt. dice-play. rick, an arrangement.; by Stewart 
13 fit] see iho 31(1 V , w u n it ns then be el ftn\.d a- site \oieme atound a »olute 
molecule in which the ordering of the solvent molecules has been influenced by the solute, including 
both the first solvation shell and the transition region; cf. 1.1 291 
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meted with the sirvtcture-breaking effect of large singly-charged spherical ions on solvent 
molecules 191 , 1 1 7j. The structure-breaking effect of large ions is not restricted to water as 
a solvent. Ethylene glycol and glycerol are liquids which also show this effect, for a number 
of salts that cause structure-breaking in water } 1 .17]. To date, however, the validity of the 
multizone models for ion solvation proposed by Frank and Wen 1161 and others has 
lacked direct experimental proof [117]. Consequently, owing to the lack of detailed 
knowledge of the solvents* structure and of satisfactory molecular theories for associated 
liquids, all attempts at a detailed description of solvation shells are still imperfect. 

The solubility of a dissolved non-electrolyte solute can be reduced by the addition 
of a salt. This phenomenon, known as the saltmg-out effect, is of practical importance 
lor the isolation of organic compounds from their solutions. In the presence of a dis- 
solved dissociated salt, a fraction of the solvent molecules becomes involved in solva- 
lionai interaction with the ions of the electrolyte, whereby their activity is diminished, 
leading to salting-out of the dissolved non-electrolyte solute. In other words, the salting- 
out can be considered as the difference in solubility in two kinds of solvents, the ion-free 
and the ion-containing one 1248], 

Theoretical chemists have developed a variety of methods and computational 
strategies for describing and understanding the complex phenomenon of solvation 
[27d, 355-358], Altogether, three general approaches have been used for the theoretical 
description of solute/sol vent interactions: 

(a) quantum -chemical continuum models, where the solvent is treated as a structureless, 
i.e. continuous and homogeneous, medium that surrounds the solute ions or molecules 
like a bath, characterized solely by its relative permittivity <v The solvated species (ions, 
polar molecules) induce polarization charges in the surrounding solvent continuum that 
in turn give rise to an extra electric field in the vicinity of the solute, called (Onsager) 
reaction field [357, 359; and references cited therein]; 

(b) supramolecular models, which treat the solvent molecules around the solute on the 
same footing as the solute, i.e. as dist rete particles in an ensemble of solute and solvent 
Species, using Monte Carlo statistical mechanics or molecular dynamics techniques 1360, 
361; and references cited therein]; 

(c) semicontinuum quantum-chemical models, which retain the reaction field contribu- 
tion, but the direct electrostatic solute/solvent interactions in the first solvation shell are 
modeled differently. That is, the supermolecule (solute 4- first solvation shell) is sur- 
rounded by a continuum solvent [362 364; and references cited therein]. 

Particularly during the last decade, much progress has been made in the theoreti- 
cal description of solvation. However, when applied to actual solutes, all models still 
have their limitations and flaws. For comprehensive reviews on theoretical treatments of 
solvation phenomena, see references i.hbi 355 3581. 

2.4 Selective Solvation [89, 94, 96, 118-120, 241, 249, 250] 

The description of solvation of ions and molecules in solvent mixtures is even mom 
complicated. Besides the interaction between solvent and solute the interaction between 
unlike solvent molecules plays an important supplementary role. This leads to large 
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Fig. 2-10. Schematic model for the selective solvation of ions by one component of a binary 1:1 
mixture of the solvents A and B [1.19]. 

(a) Homoseiective solvation: both ions are preferentially solvated by the stime solvent A. 
(bt Hetcroscleclivc solvation: the cation is preferentially sol va ted by A and the anion by B. 

deviations from the ideal behaviour expected from Raoulf s law of vapour pressure 
depression of binary mixtures; see references [365, 366] for reviews on the phys- 
icochemica! properties of solvent mixtures. Typical examples of the non-ideal behaviour 
of binary solvent mixtures are water/alcohol [19). dimethyl sulfoxide/methanol [367],, as 
well as water/methanol and water /aeetonitrile mixtures {368], When water is mixed with 
methanol an exothermic mixing enthalpy is observed, whereas in the case of aeetonitrile 
the enthalpy of mixing is endothermic 1368]. 

From investigations of the solvation of ions and dipolar molecules in binary sol- 
vent mixtures it has been found that the ratio of the solvent components in the solvent 
shell can be different from that in the bulk solution. As expected, the solute is sur- 
rounded preferably by the component of the mixture which leads to the more negative 
Gibbs energy of solvation. i\G'; oh , The observation that the solvent shell has a compo- 
sition other than, the macroscopic ratio is termed selective or preferential solvation (ef. 
Fig. 2-10). These terms are generally used to describe the molecular-microscopic local 
solute-induced in homogeneity in a multicomponent solvent mixture. They include both 
(i) nonspecific solute/solvent association caused by dielectric enrichment in the solvent 
shell of solute tons or dipolar solute molecules, and (n) specific solute/solvent association 
such as hydrogen-bonding or EPD/'EPA interactions. 

When in a mixture of two solvents, both ions of a binary salt are soivated prefer- 
ably by the same solvent, the term applied is homoseiective solvation (Fig. 2- 10a). Simi- 
larly, the preferred solvation of the cation by one, and the anion by the other solvent, is 
termed heterosdectwe solvation (Fig. 2- 10b) [1 19). Thus, in a solution of silver nitrate in 
the binary solvent mixture aeetonitrile/water, a preferential solvation of Ag 3 by aeeto- 
nitrile and of NOf by water was observed (heteroselective solvation) [121, 369j*\ In 
contrast,, in. solutions of calcium chloride in water/methanol mixtures, both Ca 2ii> and 
CP- 7 are solvated largely by water (homoseiective solvation) |!22j. Ztr® (from ZnCT) in 

* The reasons foe preferential solvation of Ag e ions by aeetonitrile in acetomtole/watet mixtures 
and the sohatiun sfiefl -truch o 1 s e; me been discussed \ 25 11. 



40 2 So * interactions 



the solvent mixture water/hydrazine is preferentially soivated by hydrazine; in an ace- 
tomtriie/water mixture solvation is largely by water [123L AgjSOxi is heteroseleetively 
soivated in methanol/dimethyl sulfoxide mixtures: the silver ion is preferentially soivated 
by dimethyl sulfoxide, whereas the sulfate ion is preferably soivated by methanol. The 
Ag>SCb salt is only sparingly soluble in methanol tnd in oil i uifoxtde Its solubil- 
ity is higher in mixtures of the two solvents than in the neat liquids, since both the cation 
and the anion can be soivated with the solvent component for which it has a greater 
affinity [123a|. A study of silver, I) salts in the isodiekcfric mixture of methanol 
(Ct — 32.7) and A-methylpyrroiidin-2-one (NMP; e r ~ 32.2) showed heteroselective 
solvation of Ag* by NMP and the anions (S0 4 2 "\ BrOj". IQ$~) by methanol [370], 
The Cu® ion (from CuClCXj) shows strong preferential solvation by acetonitrile in 
acetomtrile/acetone mixtures, which may be of interest in the hydroraeta llirrgical purifi- 
cation of copper [252 1 . Even protons exhibit preferential solvation by amines in mixed 
water/amine ion clusters studied in the gas phase [253].*' 

In a binary mixture of solvents Sj and S 2 , a cation M 2 ® with a coordination 
number k and charge z B forms (A'-t- l) cations of the type jM(Sf);(S 2 }/ ; .-;]- r& with 

* - 0 . . . k, differently soivated in the first solvation shell. These differently soivated spe- 
cies have been called solvatomers [254). For example, with octahedral!}' coordinated 
cations (k - 6), k -f | -+- > it) solvatomers are to be expected (including three cis/tram 
isomeric solvatomers with / === : 2, 3, or 4). In favourable cases, the concentrations of all 
solvatomers have been obtained as a function of the solvent mole fraction by NMR 
measurements [2541. 

Preferential solvation is not restricted to ions of electrolytes dissolved in multi- 
component solvent systems. Even for dipolar noneleetrolyte solutes the composition of 
the solvation shell can deviate from that of the bulk solvent mixture, as shown for fi~ 
disulfones 1255] and A-methylthiourea 12561. 

Different methods tor the study of selective solvation have been developed [1 IS. 
120]: conductance and Hittorf transference measurements [119], NMR measurements 
(especially the effect of solvent composition on the chemical shift of a nucleus in the 
solute) j 106- 109], and optical spectra measurements like 1R. absorption shifts 1111.1 or 
UV/Vis absorption shifts of solvatochromic dyes in binary solvent mixtures 1.124, 249, 
371]. Recently, the preferential solvation of ionic (tetralkylammonium salts) and neu- 
tral solutes (phenol, nitroanilines) has been studied particularly successfully by ' H 
NMR spectroscopy through the analysis of the relative intensities of intermolecular ! H 
NOBSY cross-peaks [372], 

A convenient measure of the degree of selective solvation is the bulk, solvent 
composition at which both solvents of a binary mixture participate equally in the con- 
tact solvation shell. This is the solvent composition at which the NMR chemical shifts 
lie midway between the values for the two pure solvents. This composition has been 
ca lled the cquisolmlicm or iso-solvaiion point (usually expressed in mole fractions of one 
solvent) [1251, According to Fig, 2-10, this point describes the bulk solvent composition 
at which both solvents A and B participate equally in the solvation shell of the cation or 
the anion, respectively. 

* A comprehensive tabulation of selective solvation of ions in a number of binary solvent systems 
is given by Gordon [961 (p. 256). 
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Fig. 2-11. NMR chemical shift of -^Na® as a 
function of the mole fraction of dimethyl 
sulfoxide (DMSO) in. a binary mixture of 
DM SO and acetone (according to 2951). 
Straight line: ideal case without preferential 
solvation, primary solvation shell of the same 
composition as the bulk solvent mixture. 
Curved line: real case with preferential 
solvation of "Na^ by DMSO and iso- 
soivatton point at vnMso.^cmol • root"') & 0.21, 
that is. the mole fraction of the bulk solvent for 
which the sol va ted ion chemical shift is t he- 
average of the shifts obtained in the pare 
solvents (Ac) <?dmso - (?tei,> !S l 
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A useful probe of the immediate chemical environment of .solute tons is the N.MR 
chemical shift of alkali metal ions obtained in binary solvent mixtures [111, 126, 295 j. 
These measurements are based on the assumption that the chemical shift of the solute 
cation, is determined in an additive fashion by the solvent molecules comprising the first, 
solvation shell. For example (</.' Fig, 2-11), the iso-solvation point of -"\Na e in dimethyl 
sulfoxide/aeetone mixtures occurs at v* 0.21 cmol/mol dimethyl sulfoxide, indicating 
the higher solvating ability of this solvent relative to acetone. As shown schematically in 
Fig. 241, the preferential solvation of B Na® by dimethyl sulfoxide displaces its chemi- 
cal shift towards (>dmso and a deviation from the straight line is observed. 

The iso-solvation points obtained from 2J Na e chemical shifts of sodium tetra- 
phenylborate in different binary solvent mixtures indicate the following relationships 
between the solvating abilities of pairs of organic solvents: CH3SOCH3 » CH*N0 2 ; 
pyridine > CfhNCb; CH1SOCH1 > CH.C'N; pyridine > CHUCN: CY.H.CN > 
CHsNO,; CH.SOCH, > pyridine 11261. 

The term select ive solvation also applies when one and the same dipolar molecule is 
preferentially sofvated at two different loci by two different solvents. An example is the 
Cl 
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chloro-oxalato4ripyrkline-rhodium(III} complex (1% which dissolves in a i:l mixture 
of pyridine and water, but not in either pure water or pyridine [127). Presumably, a 
Gibbs energy of solvation large enough to overcome the lattice forces is attained only by 
selective solvation of the three pyridine Uganda by pyridine, and of the oxalate ligand by 
water. 

Many macromoiecuiar compounds dissolve in mixtures better than in pure sol- 
vents [20]. Thus, polyvinyl chloride) is insoluble in acetone as well as in carbon disul- 
fide, but soluble in a mixture of the two. The opposite situation is also known. Malono- 
iiitrile and A . A'-di methyl formamide both dissolve polyacrykmitrile but a mixture of the 
two does not [201. Soaps, dissolve neither in ethylene glycol nor in hydrocarbons at room 
temperature but are quite soluble in a mixture of the two. Here, ethylene glycol solvates 
the ionic end, and the hydrocarbon the apolar end of the fatty acid chain [128], 

^•-R-O-CHj 

Hydrocarbon ■■•■CH 3 ~(CH 2 j n -ct© j 

V"-H-0~CH 2 

A great variety of models for a quantitative description of the composition 
dependence of the physieochemical properties of solutes dissolved in binary solvent 
mixtures have been developed [257 261, 373 3 7 8 [ . For example, using a rather simple 
two-step solvent-exchange model [374, 377]. the behaviour of seventy binary solvent 
mixtures towards a solvatochromic betaine dye (structure see Fig. 6-2 in Section 6.2,1} 
can be quite precisely described, even (or so-called syiiergeiic solvent mixtures [377], 

A binary solvent mixture exhibits synergistic effects on a physieochemical solute 
property P if for some mixtures this property P has a value higher or lower than either 
properties P t and P 2 corresponding to the neat solvents Si and [370]. For example, 
the empirically determined solvent polarity of binary mixtures of HBD and HBA sol- 
vents is often larger than the polarities of the two neat components. Clearly, the forma- 
tion of hydrogen-bonded 1:1 complexes between HBD ad HBA solvent molecules leads 
to a new, more polar medium [124, 249, 377] (see Chapter 7 for a definition of the term 
solvent polarity). 

The non-ideal beha viour of a wide selection of binary solvent mixtures has been 
studied experimentally mainly by means of suitable solvatochromic dyes, the IJV/Vis 
absorptions of which are solvent-dependent {<■/. Section 6.2.1); see references [380-385] 
for some more recent examples. Conversely, the largely non-ideal solute behaviour in 
binary solvent mixtures has teen used for the quantitative determination of the compo- 
sitions of such solvent mixtures, e.g. (or the determination of small water contents in 
organic solvents [386 388 j. 



2.5 MiecIIar Solvation (Solubilization) [96, 128, 130-132, 22(L 262-267] 

Special conditions are found in solutions of large cations and anions possessing a 

long unbranched hydrocarbon chain, e.g. CH 3 (CH 2 )„ CO, M CM Ul > 

SO NT \ or CH , ( H „ \ ( H \ \uh > 7 Such compounds are known 
as ampMphiks, reflecting the presence of distinct polar and nonpolar regions in the 
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molecule. Salts of such large organic ions are often highly aggregated in dilute aqueous 
solution. The resulting structured aggregates, together with coimterions localized near 
their periphery' by coulomb forces, are termed micelles*'. Fig. 2-12 gives a schematic 
representation of the formation of a spherical micelle by an anionic amphiphiie. 

The hydrophobic: part of the aggregate molecules forms the core of the micelle 
while the polar head groups are located at the micelle-water interface in contact with the 
water molecules. Such micelles usually have average radii of 2. ..4 nm and contain 
50... 100 monomers in water. Their geometric structure is usually roughly spherical 
or ellipsoidal. In non-aqueous nonpolar solvents, the niicellar structures are generally 
the inverse of those formed in water. In these solvents, the polar head groups form the 
interior of the micelle while the hydrocarbon chains of the ions are in contact with the 
nonpolar solvent. 

At very low concentrations, ionic amphiphiles behave as normal strong electro- 
lytes, but if the concentration is raised above the so-called critical micelle concentration 
feme: usually 1 0 4 . . . J 0 2 mol l "" 1 ), spherical aggregates are formed. Increasing the 
amphiphiie (surfactant! concentration results in two different, effects [264, 3891: (a) the 
increasing amphiphiie concentration leads to an increased ionic strength of the aqueous 
bulk solution, thus decreasing the electrostatic repulsion between the head groups due to 
screening of their negative or positive charges: (b) for the hydrophobic hydrocarbon 
tails, an increase in the amphiphiie concentration is unfavourable because of the 
increasing hydrophobic amphiphile/water interactions (see Section 2.2.7). Eventually, 



• The term micelle was introduced m 187? by Nageh (from the Latin mica, a crumb) tor a raolec- 
i mate <>i limited -ne without exact stnh bioiocfo 2 0 ill esistenc ..! -in Uuo un 

aggregates it) aqueous soap solutions was established in 1896 b\ Kraffi 271 and she first descrip- 
tion of a surfactant micelle was given in 1913 by Reychfcr 12721. 
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Table 2-10. Some typical surfactants Cvw/ace ac/ive ageww) with their critical micelle concen- 
trations i * ,< and aggregation numbers m aqueous solutions at 25 C )268), 



Surfactants cmc/(mol ■ 1' '} Aggregation 

number 



Anionic 

Sodium Uiocieevt sulfate (SDS) 0.0081 62 

CH, (CHj)„ OSOfNa® 

Cationfc 

1-Hexadecyl f^^Cetylrtnmethyktrsnnofuuin bromide (CTAB) 0,0013 78 
( U i'Hm- \i( H B- 

Noniattk 

Hcxa(oxyethykncidodecanol 0.00009 400 

CH, (CH 2 ) i t (OCH 2 €H 2 } ( , OH 

Zwiiterionk 

3-{^'-1-Dodwv1-A\^-diniethvlamnionio!propaoe-l -sulfonate 0.003 55 
(SB 12) 

CH, (CH,),, N(CH 3 ) 2 (CH 3 ) 3 SO? 



the driving force for dissolution of the amphiphiie will be completely balanced by the 
forces working against the dissolution of the hydrophobic tails. Now, two different sce- 
narios are possible: either a macroscopic phase separation will occur (ie. formation of 
aggregates of infinite size), or micelles will be formed (/. e, formation of aggregates of 
finite size). Such micelles are thermodynamically stable, mieroheterogeneous, supra- 
molecular species, dissolved in the aqueous bulk. They are characterized by the afore- 
mentioned am; and the mieeUar aggregation number, both of which, are dependent on t he 
hydrocarbon tail length, the nature of the counter ion, and the ionic strength of the bulk 
solution , 

Typical surfactants are listed in Table 2-10 along with their respective am values 
and aggregation numbers {268]. 

In reality, miceilar systems are more complex than is implied by the simple static 
picture given in Fig. 2-1.2 (also known as the Hartley model (390)). A more realistic 
picture of miceilar structures has been given by Menger [269]. According to his "porous 
cluster 5 or "reef" model, micelles possess rugged, dynamic surfaces, water-filled pock- 
ets, nonradial distribution of chains, and random distribution of terminal methyl 
groups. In last a micelle is a h i rzed structure with multiple bent hydro- 

carbon chains, cavities, and even hydrocarbon/water contacts, and shows deviations 
from a precise spherical shape. A micelle is a dynamic molecular assembly which exists 
in equilibrium with its monomer, where monomer units are both leaving and entering 
the micelle. A monomer remains in a micelle for only 10"" 8 . . . 10" ' s depending on the 
chain length, of the surfactant molecule. Another, so-called surfactant-block model of 
micelles, has been given by Fromherz [2731, 
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Fig. 2-13. Schematic two-dimensional representation of the solubilization of (b; w-nonaae as a 
nonpofar substrate, and (c) l-pentanol as another amplaphile. by a spherical ionic micelle (a - of an 
»-dec;:tnoic acid salt in water. 



The existence of micelles in solutions of large ions with hydrocarbon chains is re- 
sponsible for the observation that certain substances, normally insoluble or only slightly 
soluble in a given solvent, dissolve very well on addition, of a surfactant (detergent or 
tenside). This phenomenon is called solubilization and implies the formation, of a ther- 
modynamicafly stable isotropic solution of a normally slightly soluble substrate (the 
sotuhiiizate) on the addition of a surfactant (the soluhilizer) [128, 1331. Non-ionic, non- 
polar solubilizates such as hydrocarbons can be trapped in the hydrocarbon core of 
the micelle. Other amphophilic solutes are incorporated alongside the principal amphi- 
phile and oriented radially . and small tonic species can be adsorbed on the surface of the 
micelle. Two modes of solubiiizate incorporation are illustrated in Fig. 2-13. 

Because the miceUar interior is far from being rigid, a solubilized substrate is 
relatively mobile. Like micelle formation, solubilization is a dynamic equilibrium pro- 
cess. Representative recent examples are the solubilization of benzene, naphthalene, 
anthracene, and pyrene in aqueous solution by the addition of 1 -dodecanesulfonic acid 
1391;, the solubilization of fullerene € m in aqueous solutions of the non-ionic surfac- 
tant Triton X-iOO [392], and the solubilization of a eholesteryi-group bearing pullulane 
(a hydrophohized polysaccharide) [393], 

Essentially spherical micelles are not the only aggregates that can be formed in 
aqueous solution above the critical micelle concentration. Depending on the molecular 
structure of the amphiphile and the solution conditions (e.g. electrolyte concentration. 
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pH, temperature), inverted micelles, bilayers, vesicles, and biological membranes can 
readily be formed by spontaneous self-association 394 of certain to !i die molecules 
I' .130- 132, 264], In contrast to infinite planar bilayers, vesicles or liposomes (vesicles 
formed from lipids) are closed spherical bilayer aggregates thai are much larger than 
micelles. Eventually, the mutual interaction of these aggregates at high concentrations 
(low water content) can lead to a transition to larger and more ordered rnesophases or 
iyotropic liquid crystalline structures |264j. 

Not only .solubilities, but also the rates and selectivitie.s of organic reactions can 
be affected by the addition of surfactants to the reaction medium.. The modification of 
chemical reactions by incorporating the reactant molecules into organized assemblies as 
a kind of micro react or lias been the subject of considerable attention (274-277, 395, 396] 
{if. also Section 5,4.8). 



2.6 Ionization and Dissociation J49, 96, 134-139, 241, 278, 279] 

Solutions of non-electrolytes contain neutral molecules or atoms*' and are non- 
conductors. Solutions of electrolytes are good conductors due to the presence of anions 
and cations. The study of electrolytic solutions has shown that electrolytes may be 
divided into two classes: ionophores and ionogetis [134]. Ionophores (like alkali haikles) 
are ionic in the crystalline state and they exist only as ions in the fused state as well, as in 
dilute solutions, lonogens (like hydrogen halides) are substances with molecular crystal, 
lattices which form ions in solution only if a suitable reaction occurs with the solvent. 
Therefore, according to Eq. (2-13), a clear distinction must be made between the ion- 
ization step, which produces ion pairs by hete.ro lysis of a covalent bond in ionogens, and 
the dissociation process, which produces free ions from associated ions [.1 37, 397, 398], 

!A~S! soSv fAW^ (A% oiv ♦ iB°S sotv n n) 

* ASSOC •' 
iorscigsfj Uir> Poir Free tens 

K hm - [A e B° /iA - B (2-14) 
Krw - [A®1 • ;B*]/lA®B®; (2-15) 
The index "solv" indicates that the species in parentheses are within one solvent 

cage. 

Ionophores may exist in solution as an equilibrium mixture containing ion pairs 
and free ions. Ion pairs are defined as pairs of oppositely charged ions with a common 
solvation shell, whose life times are sufficiently long to render them recognizable kinetic 
entities in solution and for which only electrostatic binding forces are assumed (1351. 
Experimentally, ion pairs behave as one unit in determining electric conductivity, kinetic 
behaviour, and some thermodynamic properties {e.g. activity coefficient; osmotic pres- 



* An example of a rnonoatomic unionized substrate solution is that: of mercury in air-free water, 
which contains zero-vatent mercury atoms |140], 
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sure) of electrolyte solutions. In an external electric field such paired ions do not move 
individually but reorient themselves as an electric dipole. The ion-pair concept was 
introduced in 1926 by Bjemtm [280] to account for the behaviour of ionophores in sol- 
vents of low relative permittivity. 

ft possible in distinguish between free ions from associated and covaiei s 
bonded species by conductivity measurements, because only free ions are responsible for 
electrical conductivity in solution \ 1 36. 3991. Spectrophotometric measurements distin- 
guish between free ions and ion pairs on the one hand, and covalent molecules on the 
other, because in a first approximation the spectroscopic properties of ions are indepen- 
dent of the degree of association with the counterion 11411. The experimental equilib- 
rium constant /\b> :p , obtained from conductance data, may then be related to the ion- 
ization and dissociation constants by Eq. (2-16). 



{AT [B _ K ion • A'ois;,. 

••• B - ;A B°i 1 t A, <m 



(2-16) 



When the extent of ionization is small then K eKp ■■■■■ K\ ii!t - Kir miK \Ky m « J or 
fA^B^l ~ 0). For strong electrolytes, where Ktm s> 1, Eq. (2-16) reduces to 

Another equation, more comprehensive than Eq. (2-16), has been developed by 
Izmailov according to A' e:Vf: , ~ iQ, sm ./(! K\ ot) + K*)„ where K* describes the equilib- 
rium A — B + solv s± (A—B)^ v [412]. 

The two steps of Eq. (2-13), ionization and dissociation, are influenced in different 
ways by solvents. The coulombic force of attraction between two oppositely charged 
ions is inversely proportional to the relative permittivity of the solvent, according to 
Eq. (2-17). Therefore, only solvents with sufficiently high relative permittivities will be 
capable 

O™*-™ - (2-17) 

4n • B 0 fir f 

(U •••• potential energy of an ion-ion interaction; z • e ~ charge on the ion; 
r = distance between the ions; %, s r - permittivity of the vacuum and of the 
medium, resp.) 

of .reducing the strong electrostatic attraction between oppositely charged ions to such 
an extent that ion pairs can dissociate into free soi.va.ted ions. These solvents are usually 
called dissociating solvents*'. 



* Nerast |14.1 aj and Thomson [141 b] first showed independently that solvents of high relative per- 
mittivity promote the dissociation of ionic solute,-,. The term "dissociating solvent" was first used by 
Beekiiuuin Tile; in cotineclioD with his cbullioseopie determination of the molecular mass of dis- 
solved substances. Later on the term Tmenogenic solvent" was proposed by Fuoss for solvents of 
low relatrw pumitmm vhn.li law-i (he lonu itmn ut i->n puts CVmetseh smenobne sohents " 
are those whose relative permittivities are high enough to prevent ion association 11341. The latter 
two terms have, however, found little application. 
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According to Eq. (2-17). for two isolated ions such as Na* and Cl~ in contact in 
vacuum (<<;,■ ~ 1), with r ~ 276 pm as the sum of the two ionic radii, the electrostatic 
binding energy is -8.4 x 10'" 19 J [26bj, This binding energy is of the order 200 • k T per 
ion pair in vacuum, as compared to the thermal energy kT - 4J x H)~ 21 J at 300 K. 
Only at ion separation r > 56000 pm will the Coulomb energy fail below kl", which 
means that electrostatic Coulomb interactions are very strong and of long range \2hbl. 
At ca. 500 kJ'/mol (-»8.4 x 10"' ,v \ 6.0 - lO^K this interionic binding energy is similar 
to the energies of covaienl bonds (i.e. 200 600 kJ/'mol). The electrostatic interaction 
between oppositely charged ions can only be overcome by liberation of the molar Gibbs 
energy of solvation, AtTW, in transferring the ion pair from the gas phase (vacuum) 
into a medium with » i. 

Ion association is only noticeable in aqueous solutions at very high concentrations 
because of the exceptionally high relative permittivity of water (« r — 78.4), but are found 
at much lower concentrations in alcohols, ketones, carboxylic acids, and ethers. In sol- 
vents of relative permittivities less than 1.0 ... 15, practically no free ions are found (e.g. 
in hydrocarbons, chloroform, 1,4-dioxane, acetic acid); on the other hand, when the 
relative permittivity exceeds 40, ion associates barely exist (e.g. water, formic acid, for- 
mamide). in solvents of intermediate relative permittivity (<% ~ 15... 20, e.g. ethanol, 
nitrobenzene, acetonitrile, acetone, N , •V-dimethylfortiiamide), the ratio between free and 
associated ions depends on the structure of the solvent as well as on the elec t rolyte [e. g. 
ion size, charge distribution, hydrogen -bonded ion pairs, specific ion solvation, etc.) {%]. 
Thus, lithium haiides in acetone (e r — 20.6) are very weak electrolytes, whereas tetraai- 
kylammomom haiides are strongly dissociated in the same solvent [142- 144]. In solvents 
of very low relative permittivity like benzene (;;,- 2.3), very large association constants 
are usually found. This indicates that most ion pairs in such solutions exist in the form 
of higher aggregates [96]. 

The ability of a solvent to transform the covalent bond of an tonogen into an 
ionic bond. i.e. its ionizing power, is not determined in the first instance by its relative 
permittivity. Rather, the ionizing power of a solvent depends on its ability to function as 
an electron-pair acceptor or donor [53, 1371. A dissociating solvent is not necessarily an 
ionizing one --- and vice versa. In most cases, ionization of bonds of the type H' >e --X' >e 
{e.g. ioni ation ot hydrogen haiides) R \ e.g toni a lion ol haloalkanes in S>J 
reactions), or M d ® — R tK {e.g. ionization of organ ometallic compounds) is strongly 
assisted by electron-pair donor (EPD) and electron-pair acceptor (EPA) solvents (cf. 
Section 2.2.6), according to (R - B. alky]): 

EPD * R — X * EPA 
EPD X M ™R EPA 

The ionization of an ionogen can therefore be regarded as a coord inative i nterac- 
tion between substrate and solvent [281]. The polarization of the covalent bond to be 
ionized can occur via a nucleophilic attack of the EPD solvent on the electropositive end 
of the bond, or by an electrophilic attack of an EPA solvent on the electronegative 
end. Both attacks can. of course, also occur simultaneously. The following examples are 
illustrative. 
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0) ■> H-C! 



6<3 oS ® « 

{CH 3 %C-Ct * H-G-R !CH 3 ) 3 C ♦ CS—H-O-f? 



(MejN} 3 P = 0 * C=Mg-CH 2 -C s H 5 5=± lMe 2 N) 3 P-0-MgCt + iCH 2 -C 6 H 5 

In EPD solvents, ionization depends on the stabilization of the cation through 
coordination and, in some solvents, on solvation of the anions as well In EPA solvents, 
the anion is stabilized through coordination and, to a lesser extent, additional solvation 
of the cation may occur. 

An evaluation of the ionizing power of a solvent requires knowledge, not only of 
its coordinating abilities, but also of its relative permittivity. According to Eq. (2-13), 
solvents of high relative permittivity promote the dissociation of ion pairs. The conse- 
quential decrease in ion pair concentration displaces the ionization equilibrium in such a 
way that new ion pairs are formed from the substrate. Thus, a good ionizing solvent 
must not only be a good EPD or EPA solvent but also possess a high relative permit- 
tivity. The donor and acceptor properties of ionizing solvents can be described empiri- 
cally in a quantitative way by donor numbers [67] or acceptor numbers [70] (cf. Section 
2.2.6). 

The extraordinary ionizing ability of water is above all due to the fact that it may 
act as an EPD as well as an EPA solvent. Thus, water is both an ionizing and dis- 
sociating medium whereas nitromethane, nitrobenzene, aeetonitrile, and sulfolane are 
mainly dissociating. A\ A-Dimeth ylforma m ide, dimethyl sulfoxide, and pyridine are 
mildly dissociating but good ionizing solvents. Hexamethylphosphoric triamide is an 
excellent ionizing medium due to its exceptional donor properties, particularly in the 
case of metal-carbon bonds [145. 146;. Alcohols and carboxylic acids, as hydrogen-bond 
donors are good EPA solvents and, therefore, good ionizing solvents for suitable sub- 
strates, 

Chioro-triphenyl methane constitutes a classical, example for distinguishing the 
ionizing and dissociating ability of a solvent. In 1902, W aid en used it in liquid sulfur 
dioxide in the first demonstration of the existence of carbenium ions [147], The colour- 
less chloro-triphenyimethane dissolves in liquid sulfur dioxide (e r ^ 15.6 at 0 °C), giving 
an intense yellow colour (/ m;vx ~ 430 nm). This is caused by a partial formation of ion 
pairs, which do not conduct electricity. At low concentrations, the ion pairs partially 
dissociate into free ions, which do conduct electricity ( 148, 149]. 



;-CU,„ =^ - l!C 6 H,i :j C CU ; , i {C 6 H 5 ),<C L, : * EC! L 



K ion - 1 .46 • Id" 2 (0 °C); £ Dissoc =■ 2.88 ■ llH mol/L (0 °C); 
K ew - 4.1 - i0~ s mol/L (0 °C) [1481 



(2- 18) 
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Table 2-11. Ionization equilibrium constants A'i of chloro-tnphv, ^ lei te in various solvents 
atO 2? i i / ,Uo 252 



Solvents (at 0 . . . 25 °C) Ai<* - 10 4 References 



Nitrobenzene 34.S (25 *C) Too low to measure (25 : 'CV :; [ 1 51 [ 

Acetonitrile 35.9 (25 'CI Too low to measure (25 >CS { 1 52] 

Dichloromelhane 8.9 (25 "Q 0.07 [153] 

1 1.2. 2-Tetrachloroetbano 8.2 (20 n C> 0.48 (18.5 <C) }154] 

U-Dichloroethane 10.4 (25 4 C) 0.56 (20 a C) ' }154j 

Nitrorocthanc 35.9 {25 *C) 2.7{25 C 'C) |l55| 

Sulfur dioxide f 5.6 i'O : CV» 346 (0 *C) jl48j 

Formic acid 5S.5 ( 1 6 C ) 3 1 00 (20.5 *C) [156] 

m-Creso) 11.8 {25 *C) 5600** (18 *C) |157] 



*' J. A. Riddick, W. 8. Banger, and T. K. Sak&no: Organic Solvents. 4 lh edition, in A. Weissberger 
(ed,). Techniques of Chemistry., Vol ii. Wiley-I'nterscience. New York. l c >86 

i ' ! A. A. Marvoff and £. R, Smith: Table of Dielectric Constants of Pure Liquids. NHS Circular 514. 
Washington, 1951. 

Because nitrobenzene absorbs strongly at the wavelength of the carbenium ton maximum from 
chlorotriphenylmethane. this result was. obtained with cMoto-diphenyl-4-tolylmcthane. 
" ! ibis Kt._>r, value corresponds to 36 ± 4% ionization of chlorotriphenylmethane in >»-crcsoJ (1571. 

Sulfur dioxide is a ^-electron-pair acceptor. The standard explanation for the 

strong ionizing power of SO2 is the formation of an EPD EPA complex between the 

halide anion and the sulfur dioxide molecules MdSL "fable 2-f f summarizes some of 
the available data concerning the comparative efficiencies of various solvents in pro- 
moting the Ionization of chloro-triphenylmethane [150]. 

The Kim of chloro-triphenylmethane varies in different solvents by at least a fac- 
tor of 10 s . In the protic solvents m-creso! and formic acid, which have relative permit- 
tivities of 11.8 and 58.5, respectively, chloro-triphenylmethane is strongly ionized but 
is only slightly dissociated in the former. The remarkable ionizing power of phenols 
and carboxylic acids has been attributed to their EPA properties, ie. their ability to 
form a hydrogen bond between the hydroxy! group and the halide ion. Solvents with, 
high relative permittivities but lacking pronounced EPA properties, such as acetonitrile 
and nitrobenzene, are barely capable of ionizing chloro-triphenylmethane. In the case of 
tri(4-anisYi)-chio.romethane, the Ki m value in the EPA solvent sulfur dioxide at 0 ' ! C is 
about 5 - H) 10 times greater than that in nitrobenzene at 25 *C [151 L 

On the other hand, the ionization of chloro-triphenylmethane is also favored 
by EPD solvents. Since the developing carbenium ion is an electrophilic species, it 
readily interacts with nucleophiiic solvents. Thus, the extent of ionization of chloro- 
triphenylmethane in nitrobenzene increases on the addition of a protic EPD solvents in 
direct relation to the donor number [158]. See reference [299] for a study of ionization 
and dissociation equilibria of other halo-triphenylmethanes in solution (Ph- ; C X with 
X - F, CI. Br). 

Another remarkable example of the solvent effect on the ionization of ionogens is 
the Friedel-Crafts intermediate antimony pentachioride/4-toiuoyl chloride. It can exist 
as two distinct, well-defined adducts depending on the solvent from which it is recrystal- 
lized, the donor-acceptor complex (2) or the ionic salt (3) [159]. 
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The donor-acceptor complex (2) is isolated from tetrachloromethane solution 
(e, 2.2), the ionic salt (3) from chloroform solution le t ------ 4.9). When dissolved in 

chloroform, the donor-acceptor complex recry.stallizes as the ionic salt. Similarly, the 
ionic salt is converted to the donor-acceptor complex when dissolved in tetrachloro- 
methane. This result shows that in solution an equilibrium exists between the two forms. 
The isolation depends on the solvent used tor recrystallization. Similar results have been 
obtained in the ca.se of the adduet between acetyl chloride and aluminium trichloride, 
which is un-ionized in chloroform, but completely ionized in nitrobenzene [1601. 

Other nice examples of well-studied solvent-dependent ionization equilibria of 
kmogens are azidocycloheptatriene ^ tropylium azide [282, 283] and (tri phenyl cyclo- 
propen-1 -yl) (4-nitrophenyl)malononitrile ("2a) triphenylcyclopropenium dieyano(4- 
nitrophenyi)methkle (3a), the latter being one of the first examples of direct heterolysis 
of a weak carbon-carbon bond to a carbocation and carbanion in solution 12841 



When dissolved in nonpofar solvents such as benzene or diethyl ether, the col- 
ourless (2a) forms an equally colourless solution. However, in more polar solvents (e.g. 
acetone, acetoniirile), the deep-red colour of the resonance-stabilized carbanion of (3a) 
appears (X — 475 . . . 490 am), and its intensity increases with increasing solvent polarity. 
The carbon-carbon bond in (2a) can be broken merely by changing from a less polar 
to a more polar solvent. Canon and anion solvation provides the driving force for 
this heterolysis reaction, whereas solvent displacement is required for the reverse coor- 
dination reaction. The Gibbs energy for the heterolysis of (2a) correlates well with the 
reciprocal solvent relative permittivity in accordance with the Born electrostatic equa- 
tion [285], except for EPD solvents such as dimethyl sulfoxide, which give larger A6^\ t 
values than would be expected for a purely electrostatic solvation [2841. 

The first pureb nrgank salt ( it C Hf* consisting sole!) of carbon and 
hydrogen atoms and being fully ionised in the crystalline state and in solution, was 
prepared by mixing tris[l-(5-isopropyl-3,8-dimethylazulenyl)icyclopropenyltum per- 
ehlorate with potassium tris(7//-dibenzof c,<:/lfluorenylidenemethyl)methide ( Kuhn's 
anion) in tetrahydrofuran solution [292]. An analogous green hydrocarbon salt. < ; ; i ! ; 
C„ ilf, which consists of the tri(cyclopropyl)cyclopropenyhmn cation and Kuhn's 
anion, is completely ionized in the solid and in DMSO solution. However, in chloro- 
form, tetrachloromethane, and benzene solutions at room temperature, a covalent 
hydrocarbon is formed from the two ions. Surprisingly, cooling the chloroform solution 
to -78 " C or evaporation of the solvent regenerates the original green hydrocarbon salt. 




(2a) 



(3a) 
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In acetonitrile. the ionic and covalent forms coexist in a clean equilibrium. This com- 
pound is the first hydrocarbon that only exists eovalemiy in solution |292j. In acetone, 
dichloromethane, and tetrahydrofuran, a radical derived from K.uhrvs anion by single- 
electron transfer (SET), was detected in addition to the two tonic species. Thus, ail three 
types of elementary organic species (ton. radical, and a covaleni compound) are shown 
to be able to coexist in a solution equilibrium, depending on the solvent used 1292]. For 
reviews on solvent-dependent equilibria, including .radical pairs (produced by bond het- 
erolysis) and radical ion pairs (produced by electron transfer), see references J291, 400, 
401L 

Another type of ion pairs, called penetrated km pairs 14021, has been found by 
studying the conductivity of tetraalkylarnrnonium tetrafluorobora tes (with variable 
alfcyl-chain lengths) 1399, 4031, and the UV/Vis spectroscopic behaviour of salts with a 
trarietbhihirn cyaniue cation and the teti dien ybbora 04 in non- 

dissociating solvents of low relative permittivity. Clearly, in solutions of such low rela- 
tive permittivity any ionic species will be highly associated. However, it has been, found 
that the ion pairs formed can be smaller than the sum of the van der WaaLs radii of 
the components. Clearly, the ions of the km pair interpenetrate each other depending 
on their molecular structure: in the first case, the BF 4 ~ ion penetrates into the voids 
between the alky! chains of the tetraalkyiammoniunt ion, and in the second ease the 
cyaniue cation penetrates into die crevices of the borate ion. 

It should be mentioned that the ionization step in Eq. (2-13) is analogous to that 
involved in. S N i and S N 2 reactions of aliphatic substrates. For example, in soivolytic 
reactions of haloalkanes, the process of going from a covalently bonded initial state to a 
dipolar or ionic activated complex (transition state) is similar to the ionization step in 
Eq. (2-1.3). Therefore, those solvent properties that promote ionization are also impor- 
tant, in the estimation of solvent effects on nucleophilic displacement reactions [161] (cf 
Section 5.4.1). 

The ionization of an ionogen and its subsequent dissociation according to Eq, 
(2-13) can be further elaborated. Between the ion pair immediately formed on heter- 
olysLs of the covalent bond and the independently sol va ted free ions, there are several 
steps of progressive loosening of the ion pair by penetration of solvent molecules 
between the ions. At least four varieties of ion interactions representing different stages 
of dissociation have been postulated [96, 134. 138, 141]; cf Eq. (2-19) and Fig. 2-14. 



(2-19) 



Based on the mutual geometric arrangement of the two ions and the solvent mol- 
ecules, the follow ing definitions of ion pairs ha ve been given {cf Fig. 2-14). 
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Fig. 2-14. Schematic representation; of the 
equilibrium between (a) a solvated contact ton 
pair, (b) a solvent-shared ion pair, (c) a solvent- 
separated ion pair, and (d) unpaired solvated 
ions of a 1:1 lonophore in solution according to 
reference 1241;. Hatched circles represent solvent 
molecules of the primary solvation shell 




m 



First, immediately after ionization, contact ion pairs*' are formed, in which no 
solvent molecules intervene between the two ions that are in close contact. The contact, 
ion pair constitutes an electric dtpole having only one common primary solvation shell. 
The ion pair separated by the thickness of only one solvent molecule is called a solvent' 
shared ion pair*\ In solvent-shared ion pairs, the two ions already have their own pri- 
mary solvation shells. These, however, interpenetrate each other. Contact and solvent- 
shared ion pairs are separated by an energy barrier which corresponds to the necessity 
of creating a void between the ions that grows to molecular size before a solvent mole- 
cule can occupy it. Further dissociation leads to solvent-separated km pairs*\ Here, 
the primary solvation shells of the two tons are in contacts so that some overlap of sec- 
ondary and. further solvation shells takes place. Increase in ion-solvatitig power and 
relative permittivity of the solvent favours solvent-shared and solvent -separated ion 
pairs. However, a clear experimental distinction between solvent-shared and solvent- 
separated ion pairs is not easily obtainable. Therefore, the designations solvent-shared 
and solvent-separated ion pairs are sometimes interchangeable. Eventually, further dis- 
sociation of the two ions leads to free. i.e. unpaired solvated ions with independent pri- 
mary and secondary solvation shells. The circumstances under which contact, solvent- 
shared, and solvent-separated ion pairs can exist as thermodynamics lly distinct species 
in solution have been reviewed by Swarcz [138] and by Marcus [24'I.j. 

Interestingly, theoretical calculations of Gibbs energy profiles for the separation 
of to'f-butyl cation and chloride ion during the hydrolysis of 2-chloro-2-methylpropane 
have given support for the existence of a contact ion pair, while solvent-separated ion 
pairs and tree, unpaired tons do not appear as energetically distinct species [3021 Monte 
Carlo simulations predict the occurrence of a contact ion pair at a C — CI distance of 
290 pm and the onset of the solvent-separated ion pair regime near 550 pm (cf. the nor- 
mal C CI bond length of ca. 180 pm), A significant barrier ofca. 8 kJ/mol (2 keal/mol) 

between the contact and solvent-separated ion pairs has been calculated [3021. For 
tetramethylammonium chloride in dilute aqueous solution at 25 S C, the contact and 

* Some authors use the designations intimate ion pane internal km pair (Wi ostein [ 162j). cage ion 
pair i Kosower j 1 29 or inner-sphere ton pair i Marcus 24! jj instead of eotaact ion pane and exter- 
nal ion psnr \\tn\i in i i 62]) or #o)m ion pair (Marcus. 24 S. j t i >a< " n nJ unl > a 
separated ion pairs. The more general designation tight and loose ion pair (Swarto: II 38!) implies 
that, in principle, more than two different kinds of ion pairs may exist in solution. An IUPAC 
glossary recommends the designations tight ion pair (or intimate or contact em pair) and loose ion 
pair £2S6j. 
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solvent-separated ion pairs are separated by a calculated activation barrier of only 2.9 
fcj/mol (0.7 keal/mo!) (302j. Analogous Monte Carlo simulations for sodium iodide ion 
pairs in water clusters substantiate the existence of distinct contact and solvent-separated 
ion pairs, showing that the Na* I" contact ion pair is quite stable with respect to disso- 
ciation into free ions 1 405]. 

The suggestion that ion pairs may exist m more than one distinct form was made 
by Winstein ! 162] and by Fuoss [163] in 1954, but direct evidence for the existence of 
contact and solvent-separated ion pairs came from UV/ Vis spectroscopic investigations 
of sodium fluorenide in tetrahydrofuran solution [141, 1641. Further evidence for the 
existence of a dynamic equilibrium between contact and solvent-separated ion pairs {e.g. 
hyperfine splitting of radicai-ankm ESR lines by cationic nuclei; electronic spectra of 
mesenteric anions; etc. } has been summarized by Gordon 1961 Szwarc [138 j, and Marcus 
[2411 increasing association of ions in .-,011111011 great!) affects the r chein cal behaviotu 
A large variety of possible ion-pair effects on rate constants, mechanism and stereo- 
chemistry is known, especially in reactions of ion pairs containing carbenium ions [161, 
165] or earbanions 1166, 168, 168a]. 

The observation that the rate of loss of optical activity during the solvolysis of 
certain chiral substrates R' )S ~X' >a exceeded the rate of acid production and the 
occurrence of a special salt effect led to the postulation of two distinct ion-pair inter- 
mediates [161, 1621. The basic Winstein solvolysis scheme is given by Eq. (2-20). 

1 ' J I <™ 

products products products 

According to this scheme, the solvolysis products are not only obtained from free 
unpaired ions, but also from the two different ion pairs, depending on the solvent- 
dependent degree of dissociation. 

An analogous scheme holds for the reactions of certain dipolar organonie tallies 
R se „ M *© } according to Eq. (2-21) [138, 167, 168, 168a ]. 

IR-M 5 n , soiv 5=± (R-M Isciv— l^Vly 

Migi Aqr ; re.:jo;.-r '•„■.-.-,,-.,, Contact Ior> Paif 

(2-21) 

Sckv*«?- separated Son fck free 

Whereas the spectral behavior of solvent-separated ion pairs and free ions is very 
similar, the UV/'Vis spectra of contact, and solvent-separated ion pairs are usually dif- 
ferent from each other, as has been shown with sodium, fluorenide [141., 164]. Due to the 
penetration of solvent molecules between the ion-pair couples, the direct influence of 
the metal cation on the n -electron system of the ca.rbani.on is lost. With increasing dis- 
sociation, the absorption maximum of sodium fluorenide in tetrahydrofuran solution 
is shifted bathochromically in the direction of the absorption maximum of the free 
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fluorenide ion: 2 mas ^ 356 mn - -> 373 rxm 374 nm, for the contact ion pairs, solvent- 
separated ion pairs, and free fhtorenkle ions, respectively 11641. The equilibrium between 
contact and solvent-separated ion pairs is shifted in the direction of increased dissocia- 
tion by the addition of cation solvators such as EPD solvents. Tims, the proportion of 
solvent-separated ion pairs for sodium fluorenide at 25 ( in teti 1 ran is 5 cmol 

mol, whereas in 1 ,2-d.imethoxyethane. a better cation solvator, it is 95 cmol/mol. in 
strong EPD solvents such as dimethyl sulfoxide, hex am ethyl phosphoric triamide or 
po'lyethy'leneglycol dimethyl ethers, most of the fluorenide salt exists as solvent- 
separated ion pairs only. Small quantities of dimethyl sulfoxide, when added to the 
sodium fluorenide solution in 1,4-dioxane, convert the contact ion pairs to dimethyl 
sulfoxide-separa ted ton pairs [141, 1641. 

Sodium naphthaienide behaves similarly when the solvent is changed from tetra- 
hydrofuran to 1 ,2-dunethoxyeibane. The formation of solvent-separated from contact 
ion pairs is shown by a dramatic simplification of the ESR spectrum: the 100-line spec- 
trum of the contact ion pair, due to the spin-spin coupling of the unpaired electron with 
the four equal hydrogen nuclei in the and /^-positions, together with the sodium 
nucleus (7 3/2), collapses to a 25-line spectrum as the interaction with the sodium ion 
is disrupted [169, 170]. 

Other illustrative examples of carbanionic ion-pair dissociation/aggregation are: 
lithium trip le, which exists as a tight ton pair in diethyl ether and as a 

solvent-separated ion pair in tetrahydrofuran, as shown by U V /Vis spectrophotometric 
measurements [287]., and lithium 10-phenylnonafulvene-10-oxide. which exists as a tight 
ion pair (2b) in tetrahydrofuran solution and as a solvent-separated ton pair (3b) when 
hexamethylphosphoric triamide or dimethyl sulfoxide are added ( f H and n C NMR 
measurements) [288L 

This second case is particularly interesting since the addition of an EPD solvent is 
connected with a shift from the olefmie nonafulvenoxide anion in (2b) to the aromatic 
benzoyl |'9j annulene anion in (3b). Without association of the lithium cation with the 
etiolate oxygen atom, the negative charge is preferably deloca.ll zed in the 19: annulene 
ring. Therefore, the aromatic character of this ionophore depends on its ion-pair char- 
acter [288], 

/V-^ o e M®\ f r^'>> 0 7 \ 

if K - ^ (p e.Vcf iUA 

(2b) (3b) 

The degree of aggregation of organolithium compounds falkyl-, aryl-, and 
aikyiiyldithvum compounds as well as lithium etiolates) in dilute tetrahydrofuran solu- 
tion at -108 "C has been determined by means of cryoscopic 1289] and 'NMR spectro- 
scopic measurements 1290 !; for a review on the solution structure of lithium etiolates and 
phenoiates, see reference 14061. 

The etiolate and tminate ions of tetra~»-butylammonium salts of car bo try 1 com- 
pounds i g maionates) and nitnles < s 2 phet viproj ri) exhibit special dimerk 
molecular structures in the solid state and in solution (benzene), held together by multi- 
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pie C—H ■ ■ Q ant! C — H - • ■ N hydrogen bonds, resp., with the a-methylene units of 
the (fl-Bu^'N* cation. Thus, these anions are not truly "naked' carbanions; they interact 
with one another through hydrogen bonds in a highly ordered manner, leading to 
another type of ion pairs, called mpmrnokrular ion pain: 1407). For a review on genuine 
non-coordinating anions, see reference |408l. 

Of particular interest for regio- and stereoselective C — C bond-forming synthetic 
reactions are lithium organocuprates, the detailed molecular structure of which was 
unknown for a long time. Application of sophisticated NMR techniques has shown that 
a representative salt-containing lithium dimethylciiprate, Me 2 CnLi • LiCN, exists in 
solution (S •••• THF, Et ; >0) hi an equilibrium between homo-dimeric contact ion pairs 

and monomelic solvent-separated ion pairs such as jLiS/F [Me Cu Me)" [409]. A 

systematic X-ray study of solid-state structures of lithium organocuprates has sub- 
stantiated the formation of monomeric solven t-separ ated ion pairs in good-sol vating 
solvents for Li* (e.g. THF, crown ethers, amines), while in poor-sol vating solvents for 
Li* (e. g, Bt 2 0, Me 2 S) a dimeric contact ion pair is found. This is of practical relevance 
because it seems to be only the lithium organocuprate dimer of the contact-ion type that 
undergoes C — C bond-forming reactions such as addition to enones [409]. 

The 7 Li NMR spectra of solutions of the dtlithhtm salts of the (R)~ and (S)- 
configured (,vec:-butoxy)cyclooctatetraene dianion, Ln/^iQH? — OC4H<>F~> in the chiral 
solvent l,4-bis{di.methylamino)-23-dimethoxybutane (DDB; see Table A -2 in the 
Appendix) were found to be remarkably different. The chiral dilithium salt exists in 
DDB solution as a mixture of contact and solvent-separated ion pairs. Interestingly, the 
relative concentration of the contact ion pair is much greater for the (R)-enantiomer of 
[QH7 — OC4H9.P" than for the (A')-enantiomer. indicating a solvent/ion-pair chiral rec- 
ognition. Thus, the interaction between the chiral solvent and the (./£}- and (S)-sec~ 
butoxy groups results in the DDB solvent being more capable of partially separating Li* 
from the (S)-enamiomer of [QH? — OC4H9P" than from the (tf)-enamiomer |410j. 



